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ABSTRACT 
Landfill covers are designed as impermeable caps on top of waste 
containment facilities after the completion of landfill operations. Geocomposite 
drain (GD) materials consist of a geonet or geospacer (as a drainage core) 
sandwiched between non-woven geotextiles that act as separators and filters. 
GD provides a drainage function as part of the cover system. The stability 
performance of landfill cover system is largely controlled by the interface 
shear strength mobilised between the elements of the cover. If a GD is used, 
the interface shear strength properties between the upper surface of the GD 
and the overlying soil may govern stability of the system. It is not uncommon 
for fine grained materials to be used as cover soils. In these cases, 
understanding soil softening issues at the soil interface with the non-woven 
geotextile is important. Such softening can be caused by capillary break 
behaviour and build-up of water pressures from the toe of the drain upwards 
into the cover soil. The interaction processes to allow water flow into a GD 
core through the soil-geotextile interface is very complex, and have been 
defined herein as Capillary Related Interface Breakthrough (CRIB).  
The infiltration test using small column on CRIB conditions for GD in contact 
with fine grained soils confirmed the development of capillary break at the 
interface. The effect of water build-up on the interface leads to soil softening in 
fine grained soils layer and reduce the interface shear strength hence 
potential instability of the system. Two series of fine grained soil/GD interface 
shear strength tests conducted to determine the interface shear strength 
behaviour for a range of soil water contents. The soil softening at the interface 
due to soaked behaviour show a reduction in interface shear strength and this 
aspect should be emphasized in design specifications and construction control. 
Comparison on the main behaviour using field measurements on the trial 
landfill cover at Bletchley were conducted to increase confidence in the 
understanding of the implications for design of cover systems. 
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Chapter 1 
CHAPTER 1 
Introduction 
1.1 Background of study 
Geocomposite drains (GD) are increasingly employed in a wide range of civil 
engineering applications, including waste containment facilities, as part of 
capping and lining systems. GDs are typically used over large areas on slopes 
for drainage application underneath the cover soils. They replace the 
traditional solution using layers of graded sand or gravel. GD materials consist 
of a geonet or geospacer (as a drainage core) sandwiched between non-
woven geotextiles that act as separators and filters. 
The EC landfill Directive (1999) was published in UK to require that an 
assessment be made of the stability and settlement characteristics of the 
waste, associated structures and the underlying geological strata to prevent 
any damage to the barrier system. This involved in a landfill design include 
lining system and cover system to avoid landfill failures and environmental 
pollution.  
A critical review and guidelines for the assessment of the stability and integrity 
of landfill lining systems including cover systems have been produced for the 
Environment Agency (England and Wales) 2010. This design framework was 
developed by Dixon and Jones (2003) and extended by Fowmes et al. (2007). 
The Environment Agency guidance (R&D Technical Reports P1-385/TR No. 
1& No.2) (Dixon and Jones 2003, Jones and Dixon 2003) was published for 
review and provides a design assessment framework for current landfill 
practise in landfill construction engineering in the UK. Report No. 1 presents 
an international literature review of landfill engineering practise with a focus on 
lining system stability and integrity. In addition, the case studies related to the 
softening effect of cover soil above the GD (drainage layer) that causes the 
landfill capping failure have been discussed (FCC Environment 2011). Report 
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No. 2 provides guidance on landfill lining system design. Both reports should 
be used in the design, construction, operation and regulation of landfill sites. 
Landfill cover systems (Figure 1.1) are designed to control the infiltration of 
precipitation (i.e. rainwater and melted snow) into the underlying waste to 
minimize leachate production. In general, conventional landfill cover systems 
are based on the same principles used for the design of base liners (i.e. 
compacted clay liners or geomembranes at the base of the solid waste). At 
minimum, the capping system should contain a low-permeability layer, a 
surface water drainage system and cover soils (SEPA 2003, Environment 
Agency 2014b).  
 
Figure 1.1.Landfill cover system (after Zornberg and Christopher 2007). 
The effectiveness of the drainage system is the most important aspect of the 
landfill cover system in terms of reducing pore water pressures to enhance 
stability of the system. Many landfills require GD drainage cover systems 
above low permeability clay/geomembrane elements and below restorations 
soils. An example, several millions of meter square of GD was installed 
 
 
3 
 
Chapter 1 
globally in a landfill capping to permit drainage and hence prevent saturation 
of the cover soils, therefore increasing stability (Erak 2016, personal 
communication). In landfill cover systems, the stability performance is largely 
governed by the interface friction properties between a cover soil layer and the 
non-woven geotextile (i.e. part of GD) separating the restoration cover layer 
from geosynthetic drainage layer or sand drainage layer. If GD is used in a 
cover system, the interface shear strength between geocomposite drains and 
the adjacent soil component may govern the stability of the system.  
Soil softening behaviour at the interface of the cover soil and drain is due to 
water ponding above the geosynthetic drain leading to a soaked/wetting 
condition in the soil. This soil softening at the interface may be related to 
several factors including capillary break and build-up of water pressures from 
the toe of the drain upwards into the cover soil. 
The phenomenon of capillary break can develop at the contact interface 
between two porous materials with a large difference in pore size (e.g. fine 
grained soil overlying a coarse grained soil or geotextile). Non-woven 
geotextiles (as part of GD) with a pore structure similar to coarse gravel have 
been shown to be effective in creating such capillary break behaviour (Iryo 
and Rowe 2005, McCartney et al. 2005, 2008, Bouazza et al. 2006, Zornberg 
et al. 2010). The water content within the fine grained soil overlying a GD 
interface can therefore increase due to water being held above the GD, this 
can cause the soil to soften. In addition, geotextiles often require a head of 
water above them to instigate flow, known as ‘breakthrough’. These two 
components may have unexpected consequences if such behaviour is not 
considered in the design of geocomposite drains and the capping systems.  
The poor performance of landfill cover system and drainage effect of capillary 
break incorporating geocomposite drains and non-woven geotextile have been 
studied previously (Richardson 1997, Iryo and Rowe 2005, Zornberg et al. 
2010). They found the occurrences of capillary break due to accumulation of 
water above the soil at the interface of GD. Failure was indicated when the 
GD or geotextile created a capillary break, which contributed to the soil 
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softening above geosynthetics. However, they did not assess the effect of 
capillary break on changes in the interface shear strength (See Section 3.1).  
Water contents of most landfill cover system are likely to be different from as-
compacted values over their services lives due to seasonal wetting and drying 
cycles. The wetting behaviour also can be associated with overflow of 
drainage outlets due to uncontrolled heavy rainfall event (Siebecker 2005). 
This behaviour may cause water levels in the drainage core to rise up to the 
interface of soil-GD and soil softening at the interface.  
Experimental programmes and the later opportunity on the landfill cover field 
work measurement give a credit to this study.  The comparison on the 
observed laboratory behaviour with on-site conditions clearly helps to improve 
the finding and to increase confidence in the understanding of the implications 
for design of cover systems 
Given the potential for the conditions described above to occur, this study has 
investigated the effect on water content in soil related to soil softening 
behaviour that subsequently leads to the changes in the interface shear 
strength of soil-geosynthetics systems. As to date, no aspect related to the 
soil softening behaviour at interface of cover soil and 
geosynthetic/geocomposite drain been highlighted in the stability performance 
of landfill cover system. If this situation is not considered in the stability 
analyses of landfill cover system, it may reduce the stability and lead to the 
failure of the system.  
1.2 Aim and objectives 
The aim of this study is to investigate the influence of capillary break and soil 
softening at the interface on the performance of geocomposite drain/soil 
systems in laboratory and field scales. 
This will be explored through the following objectives: 
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1. To identify the range of factors controlling the stability of physical and 
hydraulic performance of geocomposite drains in landfill cover system. 
2. To investigate the capillary break performance at the interface of 
GD/soil systems. 
3. To investigate the influence of water build-up on the interface 
conditions due to capillary break between the soil and a geocomposite 
drainage layers. 
4. To investigate the effect of soil softening at the interface due to 
soaked/water build-up condition related to the stability 
performance/shear behaviour of the geocomposite drains/soil system. 
 
These objectives will be achieved by: 
i. Providing the literature review on the physical and hydraulic factors 
controlling, related to the stability performance/shear behaviour of the 
soil/GD in landfill cover systems. 
ii. Experimental tests to assess the capillary break formation on soil/GD 
using infiltration test on small column apparatus.  
iii. Laboratory testing program on the interface shear strength of soften 
soil layer/GD using direct shear apparatus (DSA). 
iv. Comparisons the on-site landfill cover behaviour with the observed 
laboratory behaviour. 
1.3 Thesis structure 
To present this research, the thesis is structures as follows: 
Chapter 1 presents an introduction and its aim and objectives and outlines the 
justification for the study.  
Chapter 2 provides a review of the existing literature on introducing 
geocomposite drains, application of geocomposite drain in landfill cover 
system and their general behaviour as a drainage layer. Discussion on the 
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failure related to soil softening at the interface above geosynthetic drain due to 
capillary break, water build-up at the interface, reducing shear strength and 
the effect on the stability performance of the landfill cover systems. 
Chapter 3 provides an overview of the research methodology employed in 
this study to meet the aim and objectives. 
Chapter 4 present the results from the experimental works consist of 
infiltration using soil-column test and interface shear strength using large DSA 
on soil-geocomposite drainage layer. The field measurement result on the 
water content of soil above geosynthetic drainage and effect on the shear 
strength of cover soil on the Bletchley landfill cover system also presented.  
Chapter 5 discusses the correlation of the data gathered in the experimental 
and field work in order to identify the effect on water content in soil relates with 
soil softening behaviour and subsequently leads to the consequence on the 
interface shear strength of soil-geosynthetics systems.   
Chapter 6 summarises the principal findings of this study and makes 
recommendations for future work. 
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CHAPTER 2 
Literature Review 
2.1 Introduction 
This chapter provides a literature review that was used to identify gaps in 
existing knowledge and to define the aim and objectives details in Chapter 1. 
The chapter begins by providing a description of geosynthetics and 
classification of geocomposite drain and the application on the landfill cover 
system (Section 2.2 to 2.4). Capillary break behaviour in soil-geosynthetic 
interface and the impact in the geotechnical application are subsequently 
describes (Section 2.5). Particular attention is then given to the literature on 
the interface shear strength of soil-geosynthetic includes the testing devices 
and factors influence the shear strength parameters (Section 2.6). Various 
case studies related to the stability performance of landfill cover system are 
discussed (Section 2.7). Lastly, field monitoring work by Zamara (2013) and 
Sąsiadek (2012) to investigate the hydraulic performance of in landfill cover 
system and their influence on the stability and drainage system requirements 
related to this study is describes in Section 2.8.  
2.2 Geosynthetics 
The term geosynthetic refers to a wide range of mostly planar polymeric 
(synthetic or natural) products that are used with soil, rock or other 
geotechnical materials. Their use has rapidly expanded into nearly all areas 
of civil, geotechnical, environmental, coastal and hydraulic engineering 
structure applications. Geosynthetics provide strength, flexibility, 
waterproofing, drainage, durability and control degradation. Geosynthetics 
can support or improve the functionality of structures. In the early 1970s, 
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there were only five or six geosynthetics available; today, a large variety of 
geosynthetic products are commercially available.  
Geosynthetics can be classified into various categories based on the method 
of manufacture and their use they include geotextiles, geomembranes, 
geogrids, geocomposites, geonets, geosynthetic clay liners, and geofoam 
(Figure 2.1). The main products and brief descriptions of geosynthetics are 
presented in Table 2.1.  
 
Figure 2.1.Types of geosynthetics  
 
Table 2.2 lists geosynthetics functions and provides a detailed description of 
geosynthetic applications. The use of geosynthetic material in civil 
engineering structures can significantly increase the safety factor, improve 
performance, reduce costs and enhance constructions compared to 
conventional materials. 
Because the focus of this research will be on GD, the author feels that this 
literature review section need only consider GD and geotextiles (as a part of 
a GD), which are equivalent to the materials to be tested. 
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Table 2.1.Types of geosynthetic materials (Bathurst 2007, Koerner 2012). 
Types of 
geosynthetics Method of Manufacture Primary purpose 
Geotextile 
 Woven conventional weaving. 
 Non-woven needle punched, 
heat bonding, resin bonding. 
 Knitted fabrics. 
Separation, filtration, 
drainage, 
reinforcement, 
barrier, protection 
and erosion control 
Geogrids  Rectangular or square apertures. Soil reinforcement 
Geonets 
 Bi-planar and Tri-planar. 
 Extruded polymer meshes 
(similar in appearance to 
geogrids). 
Drainage 
Geomembranes  Continuous flexible polymeric sheets. 
Barrier and 
separation 
Geocomposites  Combination of two or more types of geosynthetics. 
Drainage, separation, 
protection and 
filtration 
Geosynthetic 
clay liners 
(GCLs) 
 Geocomposites prefabricated 
with bentonite clay layer. Barrier and protection
Geopipes  Perforated or solid wall polymeric. Drainage  
 
Table 2.2.Functions and detailed description of geosynthetic applications (Koerner and 
Daniel 1997, Bouazza et al. 2002, Koerner 2012). 
Function of 
geosynthetics Descriptions 
Barrier To prevent the migration of liquids or gases 
Containment To contain soil or sediments at a specific geometry and 
prevent their loss. 
Drainage layers To collect and transport fluids/water 
Filtration layers To allow the passage of fluids from a soil while 
preventing the uncontrolled passage of soil particles. 
Protection 
layers 
To prevent or reduce, as a localized stress reduction 
layer, damage to a given surface or layer 
Reinforcement To resist stresses or contain deformation in a 
geotechnical structure 
Separation layer To separate two dissimilar materials to prevent 
intermixing  
Surface erosion 
control 
To prevent surface erosion of soil particles due to 
surface water run-off or wind forces. 
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The most important aspect of geosynthetics is their polymer materials; this 
has the greatest impact on a geosythentic’s behaviour. The main polymers 
used for geosynthetic materials include polyethylene (PE), nylon, 
polypropylene (PP) and polyester (PET) (Hsuan et al. 2004). Furthermore, 
other factors, such as the ambient temperature, stress, and the duration and 
rate of the applied stress, can also affect the behaviour of geosynthetic 
materials (Shukla and Yin 2006). 
2.3 Geocomposite drains, GD 
Geocomposites are hybrid materials, or a combination of two or more 
geosynthetic materials used to provide optimum performance and/or 
minimize costs. Typically a drainage core or PE material bonded to a filter or 
separation material.  The polymeric drainage core (i.e. a geonet or cuspated 
core) transmits the fluid/water in the plane of the product with non-woven 
geotextiles bonded on one or both sides of the core, thereby acting as 
separators and filters that prevent bacteria growth and the transport of 
contaminants through the materials. The lower geotextile is used to increase 
the interface shear friction with the underlying geomembrane and provides 
cushion protection.  
Vertical sand drains and wick drains were among the earliest composite 
geosynthetics and were composed of an outside filter surrounding an inner 
drainage core. Geocomposites increase the stability of a structure via two 
primary functions: tensile reinforcement using a geogrid and as a drainage 
element for reducing pore water pressures using non-woven geosynthetics 
(Iryo and Rowe 2005).  
GD is typically used over large areas on slopes for drainage applications 
underneath cover soils layer. They replace traditional solutions using layers 
of graded sand or gravel. The advantages of geocomposite drainage layers 
over traditional drainage blankets are outlined by Shukla and Yin (2002), e.g. 
GD materials have thicknesses that are smaller than those of granular drains 
whilst maintaining an adequate flow capacity.   
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GD are used to drain surface and ground water or gas in geotechnical 
applications, including landfill base liners and capping systems, retaining 
walls, roadwork, tunnels and embankments. Figure 2.2 shows the landfill 
cover system, including a GD layer. In landfill cover systems, GDs play 
important roles as drainage layers to control the infiltration of water (i.e. 
rainfall or snow) to the waste and to manage draining the overlying water, 
hence improving the structure’s stability. GD is usually supplied in sheet or 
roll form for easy on-site installation (Figure 2.3). A detailed discussion about 
the landfill cover system can be found in Section 2.4.1. 
 
Figure 2.2.Landfill cover system (Giroud et al. 2000). 
 
Modern municipal solid waste (MSW) landfills require a leachate collection 
drainage layer to collect the produced leachate and to drain it to a 
wastewater plant for treatment and disposal. The application of a GD as a 
leachate collection drainage layer to replace granular materials shows very 
good potential and has been successful demonstrated at many landfill 
constructions (Shukla and Yin 2002). This application requires adequate flow 
capacity, hydraulic transmissivity, filter stability, biological clogging resistance, 
physical strength and placement of the geocomposite layer and redundancy 
issues to be considered (Environmental Agency 2014a).  
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Figure 2.3.Simple on-site installation of roll forms of GDs (External Works 2015). 
 
Each GD has a unique structure. Several types of GDs have become 
available and they can be classified according to their structure: bi-planar 
geonets, tri-planar geonets, cuspated core, monofilaments and products 
formed by the combination of a draining blanket and a series of mini-pipes 
(Figure 2.4, 2.5, 2.6, 2.7 and 2.8) 
The monofilament types are unique and manufactured from extruded PP 
monofilaments, which are woven to create a dimensionally stable mesh. 
Cuspated core (as shown in Figure 2.4), can be characterized as a randomly 
oriented single-strand mat. The most commonly used materials in drainage 
cores are PP, which exhibits a better behaviour at high temperature, and 
HDPE, which is more rigid (Hsuan et al. 2004). The bonding of the core to its 
geotextile filter is achieved using either heat bonding of the three 
components, lamination via heat bonding of the geotextiles onto the ribs of 
the geonet or adhesive bonding.  
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Figure 2.4.Cuspated core geocomposite drain material (Abg-ltd 2014). 
A typical biplanar geonet is constructed of two equally sized, extruded, 
parallel, high-density polyethylene (HDPE) ribs that overlap at various angles 
to machine directions, as illustrated in Figure 2.5. The biplanar geonet 
arrangement provides better resistance to compression compared to other 
types of geocomposites (Ramίrez Orozco 2012).  
 
Figure 2.5.A bi-planar geonet structure (Müller et al. 2008). 
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A triplanar geonet, in contrast, consists of three sets of ribs; the first set is the 
major ribs, which run parallel to the direction of flow and are sandwiched 
between a set minor ribs bonded on the top and bottom of the major ribs, as 
shown in Figure 2.6. A tri-planar geonet can effectively meet the high 
requirements of compressive resistance applications such as horizontal 
drainage in airports, roads, and roadways, and drainage under embankments, 
dams and new cells of landfills (Castelo and Gutiérrez 2012). 
 
 
Figure 2.6.Triplanar geonet structure (Tensar North American Green 2015). 
 
Michaux et al. (2012) described a multifunction landfill capping geocomposite 
that provides the combined functions of gas collection drainage and rainwater 
collection drainage to avoid independent layers sliding on slopes in landfill 
systems in one piece (Figure 2.7). A drainage system using mini drains 20 
mm in diameter is punctured to allow for water or gas penetration to be 
combined in between the lining layer and the filter layer. 
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 Figure 2.7.Multifunction product Teraplex used for landfill capping (Michaux et al. 2012). 
 
Arab et al. (2008) used a type of GD (DRAINTUBE) that provided two 
functions: drainage and waterproofing of the landfill capping system. The 
drain is composed of a 5-mm-thick PE membrane; a nonwoven, needle-
punched PP drainage layer; a nonwoven needle-punched filter; and a mini 
drain, as shown in Figure 2.8. The filter, mini drains and drainage web are 
combined using a needle-punching process.  
Geotextile is part of GD both consist with one side or two sides and function 
as a filtration or separation as mentioned in above paragraph. Geotextiles 
have proven to be among the most versatile and cost-effective ground 
modification materials. Geotextiles are made of PP or PET, which is a light 
and stiff synthetic. PP consists of non-polar molecules, thereby providing 
excellent chemical resistance. Moreover, it is a durable, strong and cost-
effective structural component (Hsuan et al. 2004). 
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Figure 2.8.Geocomposite drain (DRAINTUBE) structure with two functions: drainage and 
waterproofing of the landfill capping system (Arab et al. 2008). 
 
Geotextiles can be classified into woven and non-woven. Woven geotextiles 
are cloth-like fabrics made on a conventional textile weaving machine. They 
are formed by interlacing two or more sets of parallel threads or yarns, 
usually referred to as the warp, with yarn running along the length; the yarn 
running perpendicular is called the weft directions. Non-woven geotextiles 
are felt-like fabrics that are manufactured by randomly placing fibres on a 
moving conveyor belt and bonding them together using needle punching, 
heat melting or chemical treatment (Zornberg and Christopher 2007). Figure 
2.9 presents a magnified view of woven and nonwoven geotextiles. 
Needle punching is a method based on machine punching and uses 
hundreds of barbed needles that pass through the products (Koerner 2012). 
This method is used to increase the strength of geotextiles. Thermal bonding 
treatments impart additional strength to geotextiles by melting needle-
punched fibres together using heat. Heat rollers press the resulting fabric, 
thereby providing relatively stiff and thin products. In the chemical bonding 
process, fabric either sprayed or impregnated with acryline resin is used to 
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bond the filaments together (Bhatia and Smith 1996). The final product 
surface texture is quite rough and abrasive. 
 
Figure 2.9.Magnified view of a woven geotextile structure (left) and a non-woven geotextile 
structure (right) (Bhatia and Smith 1996). 
 
Geotextiles are being applied in a large variety of engineering applications, 
with primary functions including drainage, filtration, separation and protection 
of soils. One of the most popular options for drainage and filtration is the non-
woven geotextile. In addition to their primary function, geotextiles can 
perform one or more secondary functions. For example, a geotextile can 
provide separation of two dissimilar soils and filtration as a secondary 
function. Geotextiles are able to meet these requirements despite their small 
thickness partly due to their high porosity, which is greater than of most soil. 
Geotextiles have a uniform pore size compared to most soils (Palmeira and 
Gardoni 2000).  
The filtration function involves the movement of liquid/water through the 
geosynthetic while retaining the soil particles. These applications are also 
suitable for both horizontal and vertical drains. In such applications, the 
geotextile must be selected based on the following requirements: (1) the 
textile must have adequate hydraulic conductivity to transmit water in the 
cross-plane and/or in-plane directions, (2) the structure of the geotextile 
should be sufficiently open to allow for a desired amount of liquid flow but 
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sufficiently tight to prevent major soil migration through the geotextile, and (3) 
the geotextile must not clog internally with soil fines that may carried by fluid 
flows over the lifetime of the system (Koerner and Daniel 1997). 
According to Koerner (2012), the established design methods can fulfill the 
filtration criteria. There remains much discussion about the best approach to 
the design of filters. Palmeira and Gardoni (2000) have listed more than 20 
proposals without being able to draw a conclusion. 
A newly developed product, called hybrid (double-layered) geotextiles 
(Ahlberg et al. 2015), consists of needle-punched nonwoven and woven 
geotextiles combined into one needle-punched textile. The woven layer 
increases the strength of the products, and the nonwoven geotextile 
maintains the filtering capabilities. However, when used in a conventional 
drainage material, the single layer of nonwoven geotextiles in contact with 
fine-grained coal combustion residuals (CCRs) is prone to clogging and to 
the migration of fines. The use of this hybrid geotextile in drainage 
composites demonstrated improved planar flow over longer runs in base 
designs of landfills. Its use also improved the filtration of high fine content 
typically present in CCR landfills (Ahlberg et al. 2015). 
2.4 Geosynthetics in landfill cover systems 
This section discussed the application of geosynthetics in the landfill system 
generally and particular attention is then given to the application of 
geosynthetics in landfill cover system.  
Landfill is ‘a waste disposal site for the deposit of waste onto or into land’ (EC 
Landfill Directive 1999). In most countries, landfilling has been the most 
economical and environmentally acceptable method for the disposal of waste 
materials. Landfills have been used for many years in the UK. Municipal solid 
waste (MSW) is classified as a non-hazardous, and references to waste and 
the waste body. More MSW is buried in the UK than in any other country in 
Europe. Based on the Department for Environment Food and Rural Affairs 
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(Defra) statistics, in 2015, the UK produced approximately 27 million tonnes 
of MSW in 2014.  
Waste reduction, recycle and reuse efforts may help to reduce the quantity of 
waste generated; however, there is no doubt that landfills will remain the 
most important method of waste disposal in the future. In this respect, 
geosynthetic materials will continue to play an important key role in landfill 
design.  
Landfills are categorised according to their size, waste type and climatic 
environment. These characteristics affect the type and generation rate of 
contaminant over the life of the facility. The Environment Agency (2010) 
states that landfill sites can be classified according to the type of waste as 
inert, non-hazardous or hazardous and any waste designated for landfill site. 
Geosynthetics are increasingly becoming standard materials in landfill covers 
and base liner systems. Almost all types of geosynthetics have been used in 
the design of both base and cover systems for landfill facilities. Generally, 
geosynthetics are used as drainage and filtration materials (e.g. GDs and 
geotextiles), hydraulic/gas barriers (e.g. geomembranes) and 
protection/reinforcement (e.g. geotextiles). Geomembrane infiltration barriers 
and geocomposite drainage collection layers a few millimetres in thickness 
can provide performance equivalent to a soil infiltration barrier with a gravel 
collection layer and graded granular filter layer of up to several metres in 
thickness. Thus offering cost savings due to less amount of fill materials and 
provide sustainability benefits based on carbon dioxide emissions (Raja et al. 
2014).   
A landfill cover system is placed above the final waste to prevent water from 
rain or snow infiltrating the waste and producing leachate. Details about each 
layer of landfill cover and the function can be found in Section 2.4.2. Landfill 
base liner systems are placed below the waste to increase the effectiveness 
of leachate collection (i.e. liquid that is produced from waste) and to best 
mitigate contamination of the underlying soil and groundwater. Landfill liners 
cannot completely prevent contamination; however, they can help reduce the 
rate of release to a manageable level (Mitchell et al. 2007). The liner base 
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system typically consists of geomembranes/GCL composite as the primary 
liner system and a geomembrane/compacted clay liner (CCL) composite as 
the secondary system. Figure 2.10 illustrates the multiple uses of 
geosynthetics in a double composite liner system in a landfill design. The 
liner system is constructed on the existing soil.  
 
 
Figure 2.10.Multiple uses of geosynthetics in landfill design (Zornberg and Christopher 
2007). 
 
Engineered landfill liner component often requires a complex analysis in 
order to meet requirement of the regulatory body, Environment Agency. This 
includes lining system stability and integrity, underlying geological strata, 
accommodating maximum amount of waste, waste slope stability and after 
closure construction i.e. capping stability and integrity.  
Landfill lining system stability consideration is required as part of design 
process. A critical review and guidelines for the assessment of the stability 
and integrity of landfill lining systems including cover systems have been 
produced for the Environment Agency. Environment Agency guidance (R&D 
Technical Reports P1-385/TR 1&2) (Dixon and Jones 2003, Jones and Dixon 
2003) was published for review and provides a design assessment 
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framework for current landfill practise in landfill construction engineering in 
the UK. Report No. 1 presents case studies of failures and an international 
literature review of landfill engineering practise with a focus on lining system 
stability and integrity. Report No. 2 provides guidance on landfill lining system 
design. Both reports should be used in the design, construction, operation 
and regulation of landfill sites. 
2.4.1 Landfill cover systems  
There are various philosophies to the design and management of a landfill, 
as reported by Rowe (1995), among which is the role of providing a cover 
system with minimal permeability. Landfill cover systems are designed as 
impermeable caps placed on top of waste containment facilities after the 
completion of landfill operations. The application of cover systems over the 
landfill provides a physical separation between wastes and has been 
identified as a crucial component for isolating wastes from the surrounding 
environment (Benson et al. 2007). Most landfill cover systems are designed 
with the primary goal of controlling the infiltration of precipitation (i.e. 
rainwater and melted snow) into the underlying waste to minimize leachate 
production. In addition, the cover also helps limit the uncontrolled release of 
landfill gases and odours from the waste body to the environment. Landfill 
covers are also expected to be resistant to erosion problems and create a 
suitable land surface to support vegetation at the site. Furthermore, the cover 
system must prevent animals, insects and rodents from coming into contact 
with the waste. Thus, the tasks of a cover system are substantially more 
numerous than are those of the base liner system, especially considering the 
long-term maintenance and pollutant balance governed by the capping 
performance.  
The landfill cover construction consists of a simple layer of soil below a low 
permeability barrier below a top soil/restoration soil with vegetation (Figure 
2.11 (a)) or multicomponent cover system (Figure 2.11 (b)). In general, 
conventional landfill cover systems are based on the same principles used 
for the design of base liners (i.e. compacted clay liners or geomembranes at 
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the base of the solid waste). At minimum, the capping system should contain 
a low-permeability layer, a surface water drainage system and cover soils 
(SEPA 2003). Soils have been used as a cover material such as sand 
(draining type) and clay (non-draining type) (Environment Agency (2014b)). 
The low normal stresses that impact on landfill cover system ranging from 10 
to 50kPa. 
 
 
Figure 2.11.Examples of landfill capping lining system. (a) Simple approach (b) 
multicomponent layer (Zamara 2013). 
 
The design of the cover system is site specific and depends on the intended 
function of the final cover components. Usually, cover systems are design 
based on two factors: land area savings and increased landfill capacities. To 
achieve these, the inclination of the slopes is increased to improve the ratio 
between the volumetric capacity and the footprint of the landfill (Bouazza et 
al. 2002). Figure 2.12 shows a sloped landfill capping system and a GD layer 
installed on site.  
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Figure 2.12.GD installation at a landfill capping system (Müller and Saathoff 2015). 
2.4.2 Individual components of landfill cover systems 
Modern landfill cover systems layers (Figure 2.10, 2.11 and 2.13) consists of 
(from top to bottom) a surface layer (cover/restoration soil); protection layer 
(where cover soil and sometimes a protective layer and topsoil are 
combined); drainage layer; hydraulic/barrier layer; gas collection layer; and 
base/foundation layer. Not all components are needed for all sites. For 
example, the drainage layer may be unnecessary in cover systems located in 
arid areas, but all sites require a surface layer. Koerner and Daniel (1997) 
described each layer of a landfill cover system, its purpose and counterpart, 
and the use of natural soils and geosynthetics. 
Table 2.3 explains each of the landfill cover system individual layer functions 
and materials used. The landfill should be sealed with an engineered low-
permeability cap. The surface layer/restoration soil is usually excavated from 
the site, or a nearby borrow area to minimize operational costs and the 
quality of soil quite low (Zamara 2013, Ferreira et al. 2015). The construction 
of the surface layer is often quite straightforward. The soil materials are 
loosely distributed using a dump truck and spread with an excavator. The 
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cover soil often placed in a single lift without compaction and has a dry unit 
weight of approximately 85% of the maximum dry unit weight per standard 
proctor (Albright et al. 2006). The soil only needs to be nominally compacted 
to facilitate the growth of vegetation. Most surface layers are seeded with 
grasses or low-growing plants. The minimum thickness of the cover soil often 
0.5 to 1 m, and is sufficiently deep for root penetration (SEPA 2003, 
Environment Agency 2014b).  
Table 2.3.Landfill cover system primary function and material of each layer (Koerner and 
Daniel 1997,Jones and Dixon 2003, Bouazza et al. 2002, Koerner 2012). 
Layer Primary functions Materials 
Surface 
layer/restoration 
soil 
 Protect underlying layers from 
frost damage and excessive 
loads. 
 Resist wind and water erosion. 
 Reduce temperature and 
moisture extremes in underlying 
layers. 
Top soil (vegetated) 
Cobbles 
Geosynthetic /natural 
erosion control 
Protection layer  Store water that has infiltrated 
the surface layers 
Soil, Cobbles 
Drainage layer  Reduce head of water on the 
barrier  
 Control infiltration into the waste 
mass 
 Drain overlying protection layer 
and reduce the overlying layer 
saturation time following a 
rainfall event 
 Reduce and control pore water 
pressure, thus enhancing cap 
stability 
Sand and gravel 
Geonet or GD 
Alternative materials 
such as shredded 
tires 
Hydraulic barrier 
layer 
 Directly prevent the percolation 
of water through the cap into 
the waste. 
 Prevent landfill gases from 
escaping into the atmosphere. 
 CCL, Geosynthetic 
clay liners (GCLs) or 
any of the above 
combination 
Geomembranes 
Gas collection 
layer 
 Collect and remove gases to 
reduce potential for uncontrolled 
gas migration 
 Collect gas for energy recovery 
Sand or gravel 
Geotextile 
Geonet or 
geocomposite 
Other gas 
transmitting material  
Foundation/Base 
layer 
 Serves as a base during 
capping construction 
Sand or gravel 
Soil 
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The drainage layer and the effectiveness of the drainage system are the 
most important aspects of the cap in terms of controlling infiltration into the 
waste mass (Koerner and Daniel 1997). If a drainage layer is not provided, 
rainwater can eventually infiltrate the waste, therein causing excessive 
leachate production inside the landfill (Reddy et al. 2006). In addition, the 
drainage layer should be designed to operate without clogging over its 
lifetime. Controlling the discharge of water from the drainage layer is very 
important. Water must be allowed to freely flow from the drainage layer into 
the outlet or the so-called toe drain (Environment Agency 2014a). Alternative 
materials, such as shredded tires, show great potential as a drainage 
material in cover systems because they possess a hydraulic conductivity that 
is higher than that of sand (Reddy et al. 2006). 
 
 
Figure 2.13.Landfill cover system. 
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Hydraulic barrier layers are primarily constructed from natural clay soils 
wherever these soils are easily and economically available (Gourc et al. 
2010). Compacted clay liner (CCL) used in landfill cover systems must be 
resistant to cracking due to moisture variations. Typically, specifications 
require a minimum 1 m thickness and a hydraulic conductivity of 1 x 10-9 m/s 
(Jones and Dixon 2003). Geosynthetic clay liner (GCL) is used in developed 
countries due to their limited thickness, ease of installation and low hydraulic 
conductivity (Bouazza et al. 2002). This layer should be protected against 
hydration until covering. The placement of the GCL is quite straightforward 
and can be performed quickly. Further details on the construction of GCLs 
are given in Daniel and Koerner (1995).  
This implies in most advanced GMs are used in lining systems (Jones and 
Dixon 1998). Geomembranes are considered to be one of the most 
commonly used geosynthetics in UK landfill construction and are placed 
above the clay barrier of cover systems. Geomembranes are relatively 
impermeable to water; however, if not protected, they can easily be damaged 
during installation.  
Many landfill operators are considering alternative cover designs and 
materials to reduce costs and resource requirements. Previous laboratory 
investigations have indicated that steel slags from high-alloy steel production 
can be used as a construction material for both liner and final covers 
(Andreas et al. 2005, Diener et al. 2007, Herrmann et al. 2010). Existing 
results regarding cover performance and stability are promising; however, 
because they are the first and only results, they must be supplemented with 
monitoring and testing over a longer period before any firm conclusions can 
be drawn about long-term processes.  
2.4.3 Geocomposite drain in landfill cover systems 
Geocomposite drains are very thin materials that possess very high hydraulic 
conductivity as discussed in previous Section 2.3. The thickness and 
hydraulic conductivity of GDs are different from the underlying and overlying 
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materials. As discussed in previous Section 2.4.2, the main goal of the GD in 
landfill cover system is to reduce the head of liquid in the cover soil that is 
placed on the cover barrier layer. An insufficient flow capacity of the 
geocomposite can result in head build-up in the cover soil, which can 
generate pore water pressure at the interface of the barrier layer, thereby 
affecting the stability of the system. The drainage system should be designed 
to prevent saturation within the overlying waste or cover soil (McEnroe 1993).  
Koerner and Daniel (1997) state that the geosynthetic drainage layer material 
should meet the following specifications: 
 Hydraulic conductivity of no less than 3 x 10-5 m/s. 
 Inclusion of a geotextile filter layer above the drainage material to 
prevent intrusion and clogging by the overlying protective soil. 
 Inclusion of geosynthetic bedding beneath the drainage layer to 
increase friction and minimize slippage between the drainage layer 
and underlying geomembrane and to prevent intrusion via deformation 
of the geomembrane into the geonet or the drainage core of the 
drainage layer.  
 
GRI GC8 (2001) presented a methodology for determining the allowable flow 
rate of GDs. The procedure includes the determination of the GD flow rate for 
100 hours under site-specific conditions and then modifies this value based 
on creep and a clogging reduction. This value is then compared to the 
designed flow rate for a product-specific and site-specific safety factor.  
The guidance related to the design and construction of using geocomposite 
drain materials in landfill engineering can be refer to the Industry Code of 
Practice document (final draft stage). The document section includes material 
properties, CE (European Conformity) marking and manufacturer’s quality 
control, the design, handling and installation, construction quality assurance 
and validation report (Industry Code of Practice 2015). 
As mentioned in Section 2.3, the primary function of the non-woven 
geotextile as part of the GD will be serves as a filter. In many filtration 
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applications, non-woven geotextile are first in contact with soft, saturated and 
fine soils. Therefore, as long as this soil is not consolidated, water can easily 
erode this soil and get charged with fine particle in suspension when passing 
through the geotextile fabric.  
To be satisfactory as a filter, the non-woven geotextile must allow water 
passing through the geotextile into the drain without building up the pore 
water pressure at the same time the geotextile must retain soil particles in 
place and prevent their migration through filters on the upstream side without 
clogging the drainage core during the lifetime of the system (Koerner and 
Daniel 1997 and Koerner 2012). The geotextile permittivity is the first concern 
in filter designs using geotextiles (Koerner 2012). Therefore, the second 
aspect is focused on soil retention, which requires a tight fabric structure.  
Geotextiles require accurate engineering designs; otherwise, they may not 
fulfil the design functions. In addition, construction and installation must be 
monitored to ensure that materials are properly installed. Designing with 
geotextiles for filtration is essentially the same as designing with graded 
granular filters (Koerner and Daniel 1997 and Koerner 2012). The complete 
design details for GD functions and geotextiles for the drainage layer in 
landfill cover systems can be found in Koerner and Daniel (1997), Koerner 
(2012) and GRI GC8 (2001).  
When designing geotextile filters in GDs, it is usually important to design for 
retention rather than for flow. The apparent opening size (AOS), also called 
O95, is defined by ASTM procedure D 4751-12 or BS 1377-2:1990 and is 
obtained using a dry sieving method. In Europe, the test method is called the 
filtration opening size and is obtained using wet or hydrodynamic sieving. The 
adequate flow aspect of a geotextile filter design is based on a flow rate or 
permittivity factor of safety a details are given in Koerner (2012).  
The main mechanism affecting the durability of non-woven geotextile filter 
used in drainage system is clogging. Clogging is concerned when soils 
and/or geotextiles are used as filters. The clogging can be caused by 
physical, biological and chemical processes (Koerner et al. 1988). The 
influence of stress level, pore fluid and integrity of the contact at soil-
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geotextile interface also has a significant influence on the clogging behaviour 
(Morcai 2010).  
The mechanism related to the physical clogging is the accumulation of the 
fine particles within the geotextile or upstream of the geotextile filter hence 
reducing its permeability (Palmeira and Gardoni 2000). Blocking refers to the 
phenomena when course particles migrate to the upstream face of the filter 
and locate themselves at the entrance of pores. Blinding/bridging occurs 
when soil particles are prevented from entering or passing through the 
geotextile and coat the geotextile surface forming a filter cake which can 
significantly reduce the permeability of the geotextile. Clogging and blinding 
are explained in the illustrated on Figure 2.14. 
 
Figure 2.14.Clogging and blinding illustration (Bergado et al. 1996). 
 
Biological clogging requires very specific conditions in terms of temperature, 
alkalinity and concentrations of minerals and organic substances (Fleming 
and Rowe 2004). The clogging of non-woven geotextile in leachate collection 
system has been observed in landfill constructed with a wide range of filters 
and drains including sand and gravel layers and geotextiles (Rowe 2005). 
The forms of biofilms and inorganic precipitate on the surface of filter and 
drainage media act to reduce porosity and hydraulic conductivity of the 
porous medium. The field studies (Koerner and Koerner 1995 and Fleming et 
al. 2010) and laboratory work (Palmeira et al. 2008) on the geotextile also 
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shown the importance of biological clogging in the degradation of drainage 
systems and as the major concern for drainage system in landfill.  
Based on the full-scale numerical study by McIsaac and Rowe (2006) using 
real municipal solid waste and full scale leachate collection system size and 
laboratory works, the analysis showed that the clogging of non-woven 
geotextile (needle-punched) was primarily due to the development of 
chemical clogs within the fiber of the geotextile. Hence, reduce the hydraulic 
conductivity (more than 90%) but not cause any leachate ponding above the 
geotextile.  
The field failure involves geotextile filter on the geotechnical and 
environmental structure has been discussed by Koerner and Koerner (2015) 
and summaries the failure into four categories of inadequate design, a typical 
soils, unusual permeants and improper installation. However, it should be 
noted that the majority of the geotextile filter have been successful used than 
conventional materials in the structures system (Palmeira and Gardoni 2000, 
Palmeira et al. 2008). The study suggested that the designer must aware on 
the field conditions which can affect the performance of the geotextile filter as 
discussed in the study (Koerner and Koerner 2015).  
One of the important design parameters for the geocomposite drain in landfill 
cover system is long-term reduction factors especially for biological clogging 
(Richardson et al. 2002a and b). The failure of landfill cover system 
discussed in Richardson and Pavlik (2004) can be related to the clogging of 
geotextile (part of GD) due to migration of fine through sand. The vegetative 
support soils used contain 50% silt size and passes through the geotextile. 
The geotextile filter fabric has an AOS of 0.212 mm (95% smaller). Based on 
the analysis of failure results, the vegetation support soil layer has an 85% 
passing of 0.300-0.150 mm. The uniform gradation of the vegetative support 
soil layer makes formation of a soil filter bridge near the geotextile portion of 
the geocomposite drain difficult. Approximately 50% of the vegetative support 
layer material being able to pass through the geotextile component of the 
geocomposite, a significant amount of fines could pass through the geotextile 
before the larger particles could form a filter bridge. Based on the problems, 
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the drainage system was not adequately designed with respect to the soil 
particle retention.  
2.5 Capillary break behaviour at the soil-geosynthetic interface  
Geocomposite drain (GD) materials are often included in engineering 
structures including landfill covers and liners, roadways, embankments and 
retaining walls as part of the drainage system. In a number of applications 
using GD materials, geotextile elements may exist in an unsaturated 
condition for most of their design life while being required to perform under 
saturated conditions when water is present. Under saturated conditions, 
course materials may be less conducive to flow compared to finer materials 
due to the formation of capillary breaks at the layer interface (Further 
discussion on the behaviour in Section 2.5.1). 
Non-woven geotextiles with a similar pore structure to coarse gravel (similar 
physical properties), have been shown to effectively create such capillary 
break behaviour at the interface between materials (Iryo and Rowe 2005, 
Kuhn et al. 2005, McCartney et al. 2005, 2008, Bouazza et al. 2006, Bathurst 
et al. 2007, 2009). In addition, geotextiles often require a head of water 
above them to instigate flow, known as a breakthrough head. These two 
components may have unexpected consequences if such behaviour is not 
considered in the design because water may pond above the geotextile, 
which in turn may lead to the generation of pore water pressures and soil 
softening at the interface between the overlying soil and the drain, resulting in 
potential issues with reduced stability. The ponding of water at such an 
interface between a poorly compacted fine-grained soil and a GD has been 
observed at field site in recent research (Zamara 2013). In this study, the 
interface shear strength between softening soil and geocomposite drain is 
investigated and highlighted. The landfill cover systems are chosen and 
described as examples.  
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2.5.1 Capillary break phenomenon 
The phenomenon of a capillary break occurring at the interface of two 
materials with a large difference in pore sizes is well known (Stormont and 
Morris 2000, McCartney et al. 2005, Zornberg et al. 2010).  The main effect 
of this behaviour is that water will not flow from the soil into the underlying 
geosynthetic drainage layer until a critical condition is met. Therefore, the 
capillary break effect has been observed to increase the water content in soil 
above the geosynthetics beyond the level that normally drains (Stormont and 
Morris 1997). 
The infiltration of water in unsaturated soils is a complex area of study, with 
the principles of water flow through porous media, such as soils and 
geotextiles, being far more complex under unsaturated conditions than at the 
saturated state. This is because the rate of water flow through these porous 
media (i.e. hydraulic conductivity) is not constant with varying degrees of 
water storage and air content (Stormont and Morris 2000, McCartney and 
Zornberg 2010). 
Generating a flow across a soil-geotextile boundary involves overcoming 
capillary/surface tension actions resulting from the relative soil and geotextile 
pore sizes. In addition, in some cases, a breakthrough head is required to 
generate water flow through a geotextile alone even if there is no soil present. 
These governing conditions can lead to water building up above a 
soil/geotextile interface. The interaction processes that enable water flow into 
a geocomposite drainage core through the soil-geotextile interface are very 
complex and are defined herein as Capillary-Related Interface Breakthrough 
(CRIB). CRIB represents the transition of a soil-geotextile interface from a 
hydraulically non-conductive state to a conductive state. 
Generally, soil pore size is an important factor for water moving through soil. 
The sizes of pores vary with the soil texture and structure; water transports 
more quickly through large pores (e.g. in sands) compared to smaller pores, 
such as those characterizing silts and clays (Zornberg et al. 2010). Basically, 
water movement through soils is affected by two main forces: gravity and 
 
 
33 
 
Chapter 2 
capillary action. Under the unsaturated condition, the primary force causing 
water to transport is capillary action. Once the soil becomes saturated, 
gravity is the primary force causing downward water movement.  
Under unsaturated conditions, a capillary break can develop at the contact 
interface between two porous materials with a large difference in pore size 
(e.g. a fine-grained soil overlying a coarse-grained soil or geotextile). Due to 
the relatively large pore size of certain geotextiles, they can act similarly to a 
coarse-grained soil. The interaction between water flow and the pore size of 
a soil-geotextile interface is important to understanding the processes that 
lead to capillary breaks. Abrupt changes in pore size between a soil and 
geotextile restrict water in the small soil pores from entering through the 
larger geotextile pores (Zornberg et al. 2010). Figure 2.15 shows a diagram 
of soil-geotextile interface to describe this phenomenon.  
As the water flows through the soil-geotextile layer, the capillary action of the 
air-water menisci at the interface between the soil and geotextile pores 
should overcome the change in radius of r1 to r2, to force air from the larger 
pores with sufficient energy to reduce the suction. Then, water continuously 
flows to reduce the suction head of the overlying soil. When the suction has 
sufficiently diminished to reach a critical suction, close to zero (saturation), 
water is able to penetrate the large pores, and flow continues to enable 
breakthrough across the geotextile. At this time, the breakthrough head is 
taken as the suction head in the soil slightly above the interface of the 
breakthrough (Stormont and Morris 2000). The breakthrough head must be 
equal to the head of the entering water as the geotextile becomes conductive. 
The hydraulic conductivity of the soil and geotextile will be equal, but water 
build-up will continue in the fine-grained soil until drainage is complete, which 
will occur if a supply of water to the soil is unavailable. 
A further issue is the water breakthrough head of a geotextile alone without 
the presence of soil as mentioned in earlier paragraph. This is the head of 
water required to initiate flow through a geotextile (Stormont and Morris 
2000). If either or both of these mechanisms occur, a head of water will build 
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up in the overlying soil, with a temporary barrier being generated at the 
interface of these two materials (Zornberg et al. 2010). 
 
 Figure 2.15.Capillary break effect on soil-geotextile interface (after Zornberg et al. 2010). 
 
The breakthrough head is of particular relevance to the design of GDs 
wherein a geotextile filtration layer is fitted to a cuspated core drainage 
material. Such drains are frequently used to remove water from soils. 
Because these materials are often installed on slopes (e.g. in a landfill 
capping), ensuring stability requires a degree of shear resistance at the 
soil/geocomposite interface. If the soil at the interface between the soil and 
the geotextile softens due to the presence of trapped water, the stability of 
the interface can be strongly affected (Iryo and Rowe 2005). Water may 
remain at the interface until the breakthrough head/pore water pressure is 
 
 
35 
 
Chapter 2 
achieved, which then allows the water to flow through the geotextile and 
overcome the capillary break and/or geotextile break through the head.  
2.5.2 Soil column study to assess capillary break performance 
The formation of capillary break behaviour can be assessing using a soil 
column test on the soil-geosynthetic layer systems. Various researchers 
(Stormont and Anderson 1999, McCartney et al. 2005, McCartney and 
Zornberg 2010, Al-Anbaki et al. 2014) have used soil columns to model soil-
geosynthetic capillary break/barrier performance in controlled laboratory tests 
environment. The test normally monitors the flow rate and breakthrough 
behaviour of the soil-geosynthetic layer (Stormont and Anderson 1999). The 
column tests typically include a layer of compacted soil over the 
geotextile/geocomposite drain to be assessed. A clear Plexiglas column was 
typically used during testing. Water was frequently added to the top surface 
of the columns via a rainfall simulator to obtain constant infiltration rates or by 
inducing a constant head using ponding water (Bathurst et al. 2007, 2009).  
Most of the studies on the capillary break using column test were to look at 
water flow not strength issue on the interface of soil-geosynthetic profile. 
Stormont and Anderson (1999) investigated the performance of various soil 
combinations in creating capillary breaks. The results of these tests 
confirmed the reliability of capillary breaks at the interface of soil-
geosynthetic. Additional column studies by Stormont and Morris (2000) 
reported the development of capillary break when the geotextile was placed 
between silty sand and underlying coarse sand. The testing describe 
infiltration column test using a 10cm diameter tube with a 20 cm high layer of 
silty sand placed over a 5cm deep layer of coarse sand or silty sand. Tests 
were carried out with and without a non-woven geotextile layer at the 
interface between soil layers. The objective of the tests was to investigate the 
performance of the combination of these materials as a capillary break under 
downward infiltration flows. The presence of a geotextile layer was observed 
to impede the water flow within the column of silty sand and to behave similar 
manner to the capillary break comprised of silty sand over coarse sand. This 
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was supported by testing by Nahlawi et al. (2007) using an infiltration column 
test on a sand-geotextile (non-woven needle punched) profile; the 
accumulation of water above the geotextile was also observed to generate 
this capillary break behaviour at the interface. 
McCartney et al. (2005) conducted a test using a column setup similar to that 
of Stormont and Anderson (1999) to compare the behaviour of a coarse-
grained base layer to a geocomposite drainage layer, with the capillary break 
forming above the interface. The GD used consists of geonet sandwiched 
between two non-woven geotextile. The Profile 1 column (conventional) 
shown in Figure 2.16 was composed of a 15 cm thick sand base layer with 
an overlying 30 cm thick layer of clay and Profile 2 includes a geocomposite 
drain layer consisting of low plasticity clay placed above GD, resting on a 
gravel foundation layer. The movement of water to the generated capillary 
break was monitored with sensors measuring volumetric moisture content 
using the Time domain reflectometry (TDR). The results from the testing 
(McCartney et al. 2005) confirmed that water content due to capillary break 
behaviour was found to be approximately 35% for the sand drainage layer 
(conventional) and 39% for the geocomposite drainage layer from the initial 
of 12%. Both profile created a capillary break, but the non-woven geotextile 
(part of the GD) was found to hold more water before breakthrough.  
 
Figure 2.16.Profile of column (conventional) (Profile 1) and geocomposite drainage layer 
(Profile 2) to monitor water content (%) and capillary break behaviour using Time Domain 
Reflectometry (TDR) (McCartney et al. 2005). 
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The column test between sand and geocomposite drain (with geonet overlaid 
of non-woven geotextile) in Kuhn et al. (2005) showed the development of 
capillary break at the interface. The breakthrough occurred after 33 hours 
and the measurement indicated moisture accumulation in soil at the interface 
of the geotextile (20mm above GD). This increased to 27% compared to soil 
400mm above the GD with 9%. The water content in soil at the interface 
increased to more than 100% from the initial value of 3% at the start of 
testing.  
Another study on column test was conducted to evaluate the development of 
capillary break in between low plasticity clay underlain by a geocomposite 
drain layer at the University of Texas by Zornberg et al. (2009) and Zornberg 
(2010). The moisture content of soil measurement used a TDR. As illustrated 
in Figure 2.17 graph, clearly shows the development of capillary breaks prior 
to breakthrough events. Because of capillary break, water accumulated 
within the soil immediately above geotextile (part of GD). The moisture 
content is observed to increase up to approximately 40% beyond the initial 
value of 15% due to the resulting from the capillary break behaviour. The 
breakthrough occurred after the soil reached a moisture content of 
approximately 40%, after 1200 hours of testing. Additional column test on 
greater length of soil-GD layer reported by McCartney and Zornberg (2010) 
indicate that the capillary break can lead to an increase in soil moisture 
content up to height of 0.5m above geosynthetic layer.  
A series of study used numerical experiments by Iryo and Rowe (2005) to 
investigate the response near the boundary between the sand-geocomposite 
and loam-geocomposite layer subject to infiltration. The results shows that 
sand and loam above a non-woven geotextile (part of geocomposite drain) 
becomes wet before the geocomposite drain starts draining water. The 
geotextile layer (i.e. GD part) restricted water from draining while a high 
water content developed above the geocomposite drain. While, Krisdani et al. 
(2008) used 1m high column to examine the saturated and unsaturated sand 
and geocomposite response under infiltration loading to simulated rainfall. 
The laboratory and numerical testing results showed that the inclusion 
geosynthetic cause capillary break behaviour at the interface.  
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Figure 2.17.TDR moisture content results from column tests for evaluating capillary break 
behaviour in clay-geocomposite drain layers (Zornberg et al. 2009). 
 
In another infiltration column test with mixed soil (consisting of a mix of green 
compost and local sandy loam soil) underlain with non-woven geotextiles, the 
geotextile showed capillary break behaviour by increasing the water content 
of the soil layer above the geotextile by approximately 6-8% (Sun et al. 2010).  
2.5.3 The impact of capillary break behaviour in geotechnical applications 
The capillary break effect may have implications on the performance of 
geotechnical earth structures incorporating GDs and non-woven geotextiles. 
A brief overview of the impact of ignoring capillary break effects in general 
geotechnical applications is discussed in this section. The poor performance 
of geotechnical structures involving capillary break effects incorporating GDs 
and non-woven geotextile has been previously studied (Richardson 1997, 
Henry 1995, Stormont and Zhao 2005, Mitchell and Zornberg 1995, Iryo and 
Rowe (2003, 2004, and 2005), Zornberg et al. 2010). Failure was indicated 
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when the GD or geotextile produced a capillary break resulting from water 
accumulation above the geosynthetics, which contributed to soil softening 
above the geosynthetics. 
The effect of a capillary break was reported by Richardson (1997). He 
observed sliding failure in the side slope of a landfill cover system resulting 
from water accumulation induced by a capillary break effect. The slope was 
designed with a GD intended to drain water from rainfall events. The problem 
occurred when the slope soil was subject to unsaturated conditions, and the 
geocomposite drained differently in an unsaturated state compared to a 
saturated state. When the geosynthetic created a capillary break, the 
accumulated moisture caused the soil to saturate. Furthermore, the slope 
stability analysis utilized the dry unit weight of the soil for design calculations. 
The added water was not accounted for in the slope design, and the 
increased weight was sufficient to cause a reduction in the safety factor, thus 
leading to slope failure. Similar observations were made in laboratory and 
numerical studies by Iryo and Rowe (2003, 2004, and 2005). More 
discussion on the stability performance of landfill cover system due to 
capillary break behaviour in Section 2.7. 
Water in pavement systems can cause failures, thus affecting the 
performance of such systems. Frost heave and subsequent thaw are 
important issues in road systems. Cycles of wetting and drying or freezing 
and thawing may cause the breakdown of the base course material of a 
pavement. Geotextiles are often used below pavements as a barrier to 
prevent the capillary rise of water, which contributes to frost heave and soil 
softening during thawing (Henry 1995). However, the same capillary break 
may act to retard the surface flow rather than provide a path for the water to 
flow. As a result, the amount of water in the pavement section increases to 
the detriment of the pavement structure (Stormont and Zhao 2005).  
One of the most important issues that should be considered in the design of 
reinforced soil structures is appropriate backfill drainage. Capillary break 
phenomena are not usually considered because free-draining granular fills 
are normally selected as the backfill drainage material. The main concern for 
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backfill drainage is the development of pore water pressures within the 
backfill, which decreases the overall stability of the wall by decreasing the 
shear strength of the soil (Mitchell and Zornberg 1995). GDs have been 
proposed as the drainage of reinforced structures. However, such drains 
would only drain water after the soil becomes nearly saturated. If the backfill 
is draining poorly (i.e. if marginal materials, such as fine-grained soils, are 
used), the drains are often unsaturated, leading to moisture accumulation 
from a possible geotextile capillary barrier. This would undermine the benefit 
of including the geosynthetic because this could produce even greater pore 
water pressure build-up.  
Capillary break behaviour may be useful when appropriately designed for a 
common application that uses such behaviour is evapotranspirative covers 
for landfills (Zornberg et al. 2010). These alternative covers make use of the 
fact that moisture will accumulate in the soil cover and will not percolate into 
the waste. The moisture will then dissipate over the dry season due to 
evapotranspiration. However, this is not the issue being study. 
Consistent with the findings of previous studies reported in the literature, the 
column studies have clearly shown the development of capillary break 
behaviour at the interface between soils and non-woven geotextile (i.e. parts 
of GD). The development of capillary breaks can affect the overall structural 
performance of the drainage system when incorporating a GD/geotextile. The 
water content within the soil overlying GD/geotextile interface can increase. 
This may cause the soil at the interface to soften due to the accumulated 
water and thus may impacts the overall stability of the structure containing 
the drainage system.  
 
Despite the above, limited studies appear to have been undertaken to date to 
evaluate the interface shear strength reduction due to soil softening at the 
soil-geocomposite drainage interface caused by capillary break behaviour 
performance especially in landfill capping system. This condition can 
significantly affect the stability performance of the landfill cover system when 
using GDs as drainage layer. Iryo and Rowe (2005) also suggested 
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assessing the stability performance of geocomposite drainage systems due 
to high water content ponding in soil above a geotextile due to this behaviour.  
2.6 Interface shear strength of soil-geosynthetics  
The section considers the interface shear strength of soil-geosynthetic testing 
devices and factors/mechanism influence the interface shear strength 
parameter in design.  
The use of geosynthetics in a landfill cover system (discussed in Section 2.4) 
in combination with other geosynthetics or weak soil layers, however, 
introduces planes of weakness and low interface shear strength. The 
material interface behaviour greatly contributes to the response of the system 
and may control its performance. Therefore, the interface shear strength 
parameters between each soil/geosynthetic, soil/waste and 
geosynthetic/geosynthetic must be included in design calculations for 
assessing the stability performance of landfill cover systems (Dixon and 
Jones 2003). 
Early investigations into the geosynthetic interface shear strengths of 
geotechnical engineering structures were conducted to assess the interaction 
behaviour in reinforced earth applications (Myles 1982 and Ingold 1982). The 
assessment of the interface shear strength between four different geotextiles 
and Leighton Buzzard sand using a modified large shear box were report in 
Myles (1982). Then, Saxena and Wong (1984) investigated the frictional 
characteristics of smooth geomembranes using direct shear tests on dry and 
moist sand. They found that the peak interface shear strengths were 
mobilized at displacements of less than 5 mm and the residual values 
reached between 10 mm and 15 mm. In addition, the shear strength of the 
saturated sand/geomembrane interfaces is lower than that of the dry sand 
due to lubrication effects (i.e. moisture). 
In March of 1988, a slope stability failure occurred at the 6.1 hectare 
Kettlemen Hills hazardous waste landfill (Mitchell et al. 1990). The landfill 
lining systems of the landfill comprise of multiple geosynthetic and mineral 
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layers. The failure developed via sliding along interfaces within the composite 
multilayer liner system, or along combinations of liner interfaces, beneath the 
waste fill. This failure and past failures related to low sliding resistances at 
the interfaces between certain geosynthetics, as well as the variations in 
measured strength parameters for the different interfaces in liner systems, 
have enhanced the importance and need for further research to evaluate the 
interface friction between layers of composite, multilayer cap and liner 
systems (Koutsourais et al. 1991). 
2.6.1 Interface shear strength design 
The overall stability of geocomposite drainage structure systems is 
dependent of the shear strength at the interface between soil-geosynthetic or 
geosynthetic-geosynthetic materials. A common failure mechanism of 
landfills constructed with geosynthetics is slippage between the components 
of the cap or liner system. As a result, the interface shear resistance between 
these various interfaces is an important variable in the proper design of cap 
and liner systems to be constructed using geosynthetics and represent key 
issues concerning the stability characterization of geosynthetic landfill cover 
systems. Understanding these interface shear strengths is essential to the 
design and stability analysis of multilayer soil-geosynthetic drainage systems 
(Jones and Dixon 2003) 
When a barrier layer is installed on the inclined surface of a landfill base and 
cover liner, solid waste disposed on the landfill and the self-weight of the soil 
protection/restoration layer will cause the sliding force to increase along the 
barrier system, thus resulting in a shearing force on the barrier layer (Kotake 
et al. 2011). The base and cover liner system must withstand possible 
applied stresses while continuing to function properly. The shear strength of 
the base and cover liner serves as a basis for safe landfill construction, 
operation and post-closure.  
A key requirement of any interface shear strength test is to measure shear 
stress versus shear displacement behaviour. Typically, three repeated 
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interface shear strength tests are conducted using a direct shear apparatus. 
The middle normal stress (σ’) value is found under site-specific conditions, 
whereas the lower and higher values cover the range of possible normal 
stresses. A minimum of three tests results are plotted on a shear stress 
versus horizontal displacement curve as shown in Figure 2.18 (a) (Dixon 
2010). 
The shear stress versus horizontal displacement plot allows the peak and 
large displacement strengths to be determined. For each normal stress, the 
shear stress increases with increasing shear displacement and reaches a 
peak value. As shearing continues, the geosynthetic interfaces show a 
reduction in shear stress at displacements beyond the peak strengths. 
Because geosynthetic interfaces generally exhibit strain softening behaviour, 
the peak strength decreases to the residual strength at significant large 
displacements after shearing (Jones and Dixon 1998, Dixon 2010).  
As the next step, the interface shear strength parameters are obtained by 
plotting the peak and large displacement (i.e. residual) shear strengths 
measured on a shear stress versus normal stress graph to obtain the failure 
envelope (Figure 2.18(b)). This relationship between the shear strength and 
normal stress is called the shear strength envelope and is often expressed in 
terms of the Mohr-Coulomb parameters using pairs of interface shear 
strength parameters, namely, the interface friction angle (δ), representing the 
inclination in the shear stress-normal stress space, and the apparent 
adhesion (α), representing the intercept of the failure envelope with the shear 
stress axis. The failure envelope defines three points, which are then 
connected (usually using straight best-fit lines) (Dixon 2010). 
The shear strength along the critical interface is often a function of the 
effective normal force acting on this interface. The interface shear strength is 
approximated in terms of Mohr-Columb shear strength parameters based on 
the following equation: 
τ = α + σn tan δ       (2.1) 
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where: 
α = interface adhesion intercept 
δ = interface friction angle, or the slope of the Mohr-Columb failure envelope, 
and  
σn = applied normal stress.  
 
 
Figure 2.18.Direct shear test on a strain-softening interface: (a) shear stress versus 
displacement, (b) shear stress vs. normal stress plot showing derived peak and residual 
shear strength parameters (Dixon 2010). 
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The shear strength parameters in terms of effective stress. For sliding to 
occur at the interface, the shear stress must overcome a frictional resistance, 
σn tan δ which is a function of the applied normal stress in terms of effective 
stress, σn, acting on the interface and of the friction angle.  
The testing method for the interface shear strength at the soil-geosynthetic 
interface measures the total resistance to shear and may be a combination of 
the sliding, rolling, and interlocking of soil particles and/or adjacent surfaces 
and shear strain or a combination thereof within the specimen (Dixon 2010). 
The above behaviour leads to changes in the physical behaviour of the soil 
and geosynthetic and relative deformation, hence reducing the strength from 
the peak to a residual value (i.e., strain-softening behaviour). The peak shear 
strength is the largest shear stress that can be resisted along the failure 
plane and the residual shear strength is the shear stress that remains at 
large shear displacements (Sharma et al. 1997). 
The interface shear strength is a critical factor in the design of many 
structures involving geosynthetics (Dixon and Jones 2005). Normally, the 
required shear strength values are specified by the design engineer and 
correspond to the values required to achieve the minimum allowable safety 
factor in the slope stability equation. For low normal stresses (<50 kPa), the 
required shear strength values are typically determined using veneer stability 
analysis (Richardson and Scheer 2006). 
2.6.2 Test devices 
Experiments are the most common approach to quantitatively studying the 
behaviour of soil-geosynthetic interfaces. There are several testing devices 
that have been developed to determine the interaction behaviour between 
soils and geosynthetic interfaces. Bouazza et al. (2002) summarized the 
principal advantages and disadvantages associated with test devices for 
measuring the interface shear strength. Three common devices to obtain 
interface shear strengths are standard direct shear apparatus (DSA), ring 
shear device (RSA) or inclined plane device. DSA is the most utilised due to 
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its relatively easy procedures, which are well established and recommended 
in ASTM D5321/D5321M-14.  
The DSA is commonly used to measure the shear strength of soils and 
geosynthetics interface in the laboratory. The test results help design 
engineers determine the friction angle and adhesion coefficient for the 
various interfaces within the design. Dixon and Jones (2005) presented a 
comparison between different testing techniques used to obtain information 
on the shear strength of municipal solid waste (MSW). They concluded that 
the most appropriate laboratory technique is the direct shear test. Several 
studies on the direct shear testing of soil-geosynthetic interfaces can be 
found in the literature (e.g. Dixon et al. (2000), Gourc et al. (2004), Sia and 
Dixon (2007) and Koerner (2012)).  
Various modifications to the direct shear box have been made to improve the 
determination of shear strength parameters. Some of the modifications have 
included changes in the top and bottom sizes, variations in the top box 
designs (e.g. fixed or floating), increased distance of shear and adaptations 
for different normal loading systems. Stoewahse (2002) discussed the used 
of four types of DSA with different top box supports and with different loading 
and load control system as shown in Figure 2.19. This is the extended work 
from Bluemel and Stoewahse (1998) investigated some effects of DSA 
device design.  
The floating top box (Figure2.19 (a)) is supported only in one point and it is 
able to rotate around this support. The large test area is needed for interface 
friction testing using the apparatus.  
The fixed top large DSA was modified by separating the loading system from 
the top box. This allows the top box move vertically but not rotate shown in 
Figure 2.19 (b). Vertically moveable top box together with a control system 
ensures that the vertical stress applied to the interface remains constant 
during the shearing process.  
The fixed top box (Figure 2.19 (c)) is a common design and large number of 
these devices used in the UK, USA and Germany. This device was designed 
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specifically to measure interface shear behaviour. The vertical stress is 
usually applied by air or hydraulic pressure on the top of the sample. The 
load plate is subjected to a small rotating moment, while the upper box is 
restricted from rotation and displacement.  
 
Figure 2.19.Direct shear apparatus (DSA) with different top box supports. (a) Floating top 
box (b) Vertically movable top box (c) Fixed top box (d) Modified fixed top: F-applied forces; 
P- air pressure; N- vertical support force; T- shear force; s- displacement; and V- 
dilation/compression measurement by volume control (Dixon 2010).  
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Another approach to improve the DSA was made by modified the fixed top 
large DSA to overcome the problem of unknown vertical stress along the 
shear plane (Stoewahse 2002). The modification allows the average vertical 
stress acting on the interface to be determined by measuring the vertical 
support forces to the top box. The pressure applied to the top of the sample 
is then regulated in order to keep the resulting vertical force on the interface 
at a constant value. The device is illustrated in Figure 2.19 (d). 
Bluemel et al. (2000) and Stoewahse et al. (2002) showed that the design of 
the shear box greatly affects the obtained results. A device wherein the top 
box moves vertically but does not rotate provides consistent results and show 
a good performance for tests on soils and for soil-geosynthetic friction tests.  
The DSA consists of two square or rectangular boxes placed one above the 
other. The standard shear boxes have dimensions of 60 x 60 mm and 100 x 
100 mm. The larger apparatus are 300 x 300 mm (top box) and 300 x 400 
mm (bottom box). Figure 2.20 shows a schematic cross-section of the typical 
direct shear device. The box consists of two components: the lower box and 
the upper box. One half is kept fixed, and the other half is moved horizontally. 
The horizontal displacement and the force required to cause this movement 
are measured. The smaller shear devices can be used if the measured 
interface behaviour is the same as for the larger box. The advantages of 
using small DSA devices are their suitability for testing interfaces of fine-
grained soil and reduced time requirements. However, small devices face 
issues concerning the measurement of large displacement shear strengths 
due to the limited available maximum displacement. Additional details about 
the DSA used in this study can be found in Section 3.6.1. 
There are four international standards for interface shear testing related to 
landfill capping systems: ASTM D5321/D5321M-14, BS EN ISO 12957-
1:2005, ISO/TS 17892-10:2004 and German recommendation for landfill 
design GDA E 3-8. These standards provide useful guidance for the specifier, 
test operator and designer. GDA E3-8 is specific document for landfill design 
and cover the performance testing of a range of interfaces for liner system 
and covers. But the document is not provided in English. The ASTM gives 
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details guidance for performance testing of soil-geosynthetic and 
geosynthetic-geosynthetic interfaces. ASTM was updated in 2014 and 
currently provides the most up to date information.  BS EN ISO 12957 Part 1 
covers only index tests on standard sand-geosynthetic interfaces. This 
document is limited use for designers (i.e. only covers index testing). ISO/TS 
17892 part 10 is specifies laboratory test methods within the scope of the 
geotechnical investigation according to prEN 1997-1 and 2. Stoewahse et al. 
(2002) and Dixon (2010) summarised the DSA test standards and the key 
factors controlling measured on interface shear strength.  
The ring shear apparatus (RSA) is a rotational shear test that allows samples 
to be constantly sheared. A major advantage of this apparatus is that the true 
residual strengths can be achieved via continuous rotation; therefore, large 
displacement conditions can be achieved. Ring shear testing should not be 
used to measure peak interface shear strengths due to the presence of non-
uniform strains across the shear surface (Jones and Dixon 1998). A modified 
ring shear apparatus was used to investigate the geosynthetic interface 
shear strength in reference to the Kettleman Hills failure by Stark and 
Poeppel (1994). The measurement of the interface shear strength between 
smooth HDPE geomembrane and clay, geonet and non-woven geotextiles 
using a shearing rate of 44 mm/min and 1 mm/min to model the undrained 
conditions were reported for that failure (Mitchell et al. 1990).  
 
 
Figure 2.20.Typical details of a direct shear device (Jones and Dixon 2003). 
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A comparison of DSA and RSA methods for obtaining residual interface 
strengths has indicated significant differences in the measured values (Jones 
and Dixon 2000). The main reasons for this difference are associated with 
the test setup and are related to geosynthetic fixing, presence of cover layers, 
particle shape and grading of cover soils and the direction of shearing. 
To understand the shear behaviour of an entire landfill liner system, Stark et 
al. (2015, 2011) used a multi-interface test that allowed multiple interfaces 
and materials to be tested. This test is more difficult to perform than single-
interface tests and require experienced design engineers and testing 
laboratories. The strength parameters are obtained only for the critical failure 
surface of the system. Single-interface tests are more reliable because each 
interface is individually tested, and characterization of the interface shear 
strength is provided for the full range of normal stresses. However, multi-
interface tests help reduces costs and durations of projects. In addition, the 
peak and large displacement strength envelopes can be directly determined 
without developing the combination of failure envelopes (Stark et al. 2015). 
The third main method of measurement is the use of an inclined plane test 
(Gourc et al. 1996, Briancon et al. 2002, Reyes-Ramirez and Gourc 2003, 
Lopes et al. 2014). This test is commonly used to measure the interface 
shear strength between different materials such as soils and geosynthetics 
and geosynthetic-geosynthetic under low normal stress (<10kPa). The 
advantage of the test is to examine the sliding behaviour of the testing 
material as the inclination of the plane continuously increases. 
The apparatus is composed of two boxes; the upper layer box has minimum 
dimensions of 300 mm in length and 325 mm in width, and the lower layer 
box has minimum dimensions of 440 mm in length and 325 mm in width (EN 
ISO 12957-2 (2005)). The inclined plane device is schematized in Figures 
2.21 (a) and (b).  
This test setup uses gravity shear and normal stresses in the specimen. The 
normal stress is applied on the specimen and the angle of a rigid on which 
the specimen is tested is increased at a constant rate of 3±0.5o/min until 
failure occurs. Specimens size can be much larger than those in a large DSA, 
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but normal stresses are limited (below 10 kPa) by the dead weight loading 
system on the sloping board (Briancon et al. 2002). 
An earlier study on the inclined plane test by Girard et al. (1990) and Gourc 
et al. (1996) mainly investigated the experimental testing conditions, types of 
interfaces and classification of the tests (index or performance tests) includes 
raising speeds, normal stress, sample dimensions and angle of the sides of 
the upper box. Then, another group of researchers focused on the 
improvement of the test method, the assessment of the test results and the 
analysis of the factors that influence the shear strength evaluations (Briancon 
et al. 2011, Monteiro et al. 2013). The inclined plane test enables the 
measurement of the effects of creep (Reyes-Ramirez and Gourc 2003), 
surface abrasion (Carbone et al. 2013) and temperature on the determination 
of the shear strength of soil-geosynthetic and geosynthetic-geosynthetic 
interfaces.  
 
Figure 2.21.The inclined plane device (a) Diagram of the inclined plane apparatus (b) Photo 
of large inclined plane apparatus during testing (Briancon et al. 2002). 
 
Early inclined plane tests could not consider the effects of the hydraulic 
conditions to study the influence of water on the stability of geosynthetic 
lining system (Briancon et al. 2002). An inclined plane apparatus with more 
precise geosynthetic interface friction was used in Briancon et al. (2002) 
research to conduct the test under wet conditions. The testing stimulated the 
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hydraulic conditions when geosynthetic lining system exposed to the rainfall 
that leads to saturated of the cover layer.  
The comparison of loading method between DSA (i.e. increasing 
displacement) and inclined plane device (i.e. increasing shear stress) on 
geosynthetic-geosynthetic interface (i.e. non-woven geotextile and thick 
HDPE geomembrane  and GD and thick HDPE geomembrane) using normal 
stress of 5kPa studied by Stoltz and Herault (2014). The results show in the 
inclined plane test led to higher friction angles than the shear box test due to 
the type of loading methods. 
In the field, the liners of cover systems are usually subjected to low normal 
stresses (discussed in Section 2.4.1). The corresponding thickness of the soil 
veneer ranges between 0.3 m to 1.0 m, which corresponds to a normal stress 
varying between 5 and 50kPa, respectively. A direct shear apparatus 
modified to include a low normal stress loading system was used in this study 
to investigate interface shear strength subjected to low normal stresses 
(further discussed in Section 3.6.1). Both the inclined plane test (Briançon et 
al. 2011, 2002, Palmeira 2009) and the shaking table test (Carbone et al. 
2014) represent suitable tests for investigating shear strength with low 
normal stresses but the testing details is not discusses in this study. 
2.6.3 Factors/mechanisms influencing interface shear strength parameters 
The assessment on the interface shear strength of geosynthetic interactions 
is highly complex because this strength depends on the influence of several 
parameters/factors on the frictional behaviour of soil-geosynthetic or 
geosynthetic-geosynthetic interfaces. The soil materials, geosynthetics and 
other environment conditions may need to be considered in studies related to 
soil-geosynthetic interactions. Many researchers have investigated the 
influence of several parameters on the frictional behaviour of soil-
geosynthetic and geosynthetic-geosynthetic interfaces. Various 
factors/mechanisms that influence the measurement of the interface shear 
strength behaviour of geosynthetics have been discussed in several 
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documents (Jones and Dixon 1998, Stoewahse et al. 2002, Orebowale 2006, 
Dixon 2010).  
The nature of soil materials, such as the type of soil, particle size and 
angularity, and grain size distribution, have been found to influence the 
interface friction angle between soils and geosynthetics (Jones and Dixon 
1998, Lopes and Lopes 1999). Jones and Dixon (1998) showed that the 
overlying soils influence the shear strength of soil-geosynthetic interfaces 
where angularity and grain size of soil improved the shear strength between 
nonwoven geotextile. Non-woven geotextile/gravel interfaces possess high 
shear strength, reported as high as 48o compared to non-woven 
geotextile/sand interfaces with shear strengths of 33o and non-woven/clay 
interfaces with peak interface shear strengths of 25.3o as reported in Jones 
(1999). In addition, Koutsourais et al. (1991) agreed that interface frictional 
between different types of soil (i.e. river sand, fly ash and Kaolinite clay) and 
non-woven geotextile nearly equal to soil to soil frictional behaviour.  
Various texturing techniques, including extrusion, impingement, lamination 
and structuring, have been developed to improve the shear strength of 
geosynthetics (Hebeler et al. 2005 and Koerner 2012). The use of 
geosynthetics with different levels of roughness may help improve the friction 
behaviour between soils and geosynthetics. Nataraj et al. (1995) found the 
interface friction to vary with the type of geosynthetic and the mechanical 
surface properties, such as the roughness of the geosynthetic material, 
thickness, texture as well as the normal stress. Fisherman and Pal (1994) 
showed surface roughness having the most influence on geomembrane 
interface shear behaviour. Jones and Dixon (1998) used different type of 
textured geomembrane and found that surface texture increase shear 
strength between geomembrane and geotextile due to the surface roughness 
of geomembrane that higher than geotextile. Testing on soil/smooth 
geomembrane interfaces by Dove and Frost (1999) showed increases in 
interface friction when the normal load is increased. In addition, Ellithy and 
Gabr (2000) stated that the roughened surface of textured geomembrane 
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gives higher friction angle than smooth textured of geomembrane with kaolin 
clay interface.  
Geosynthetic polishing is one mechanisms cause reduction in the interface 
shear strength. Interfaces with smooth and textured geomembrane (i.e. 
small-scale roughness) exhibit post peak strength reductions due to 
geomembrane polishing mechanism. The shiny appearance on the 
geomembrane is one of the evidence of polished (Gilbert and Byrne 1996).  
As non-woven geotextile is kind of soft and flexible materials, it allow a 
certain interaction between soil especially Kaolinite clay and provides 
excellent friction hence increase shear strength resistance between 
interfaces (Koutsourais et al. 1991). Investigations of clay-geotextile shear 
interactions have shown that the contact efficiency of a non-woven, needle-
punched geotextile is better with clay than with sand or gravel, possibly 
because the opening size of the applied fabric is far closer to the particle size 
of the clay compared to that of the granular soils (Fourie and Fabian 1987). 
The interaction mechanisms (i.e. interlocking and friction) in between soil-
geosynthetics (i.e. soil-geomembrane and geosynthetic-geosynthetic and 
geotextile-geomembrane and GD-geomembrane) at the interface have been 
investigated by Bacas et al. (2015a) to provide deep understanding on the 
mechanism involved. The interface shear strength test programme using a 
large DSA has been used with the normal stress range in between 25 to 
500kPa to represented both the lining and cover systems of the landfills. 
Generally, the finding showed that the interface shear interaction mechanism 
(i.e. interlocking and friction) behaviour between soil-geosynthetics and 
geosynthetic-geosynthetics is depends on the geomembrane, geotextile and 
soil properties and normal stress applied.  
The interaction mechanism during shear between geotextile-geomembrane 
and soil-geomembrane presented by two main components: interlocking 
between the individual filaments and geomembrane roughness and the 
friction between the materials, which are developed based on normal stress 
applied. The interlocking mechanism directly affected by the geomembrane 
roughness and the height of asperity. Higher asperity will gives good 
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interlocking and obtained high peak on the interface shear strength. At low 
normal stress (100kPa) the asperities slightly embedded into the soil, hence 
the interface friction strength was mainly control by the sliding between the 
asperities. As normal stress increased (>100kPa), the soil was completely 
embedded between the asperities and the interface friction strength 
developed in two ways: the internal shear strength of soil and the friction 
between the soil and the asperities of geomembrane. In addition, types of 
geotextile fibres also influence the interlocking mechanism as looser 
filaments and greater gap (needle punched geotextile) provides higher 
interlocking and leading to higher the friction strength compared to thermally 
bonded geotextile. 
The interaction mechanism between GD-geomembrane interfaces shown 
differently from interfaces discussed above especially at high normal stress. 
At low normal stress, the interaction mechanism is very similar as geotextile-
geomembrane as discussed above due to GD consists of non-woven 
geotextile. As normal stress increased, the geotextiles tend to compress 
around the geonet strand and embedded into the geomembrane as shown in 
Figure 2.22. Therefore, the shear behaviour is frictional (friction takes place 
between geonet strand and geomembrane roughness) and the similar 
behaviour also occurred in Bergado et al. (2006) and Koutsourais et al. 
(1991). The interface mechanism also improved the interface shear strength 
and the behaviour may relate to the interfaces testing in this study and further 
discussed in Section 5.3.3. 
Other well-investigated influencing factors influence the interface shear 
strength includes the testing setup and procedures (Stoewahse et al. 2002), 
applied shear loading (Kotake et al. 2011), range of normal stress applied 
(Bergado et al. 2006, Jones and Dixon 1998), and apparatus displacement 
rate. The testing setup and equipment for performance testing are 
recommended to be as well in accordance with the expected situations at the 
site as possible (i.e. drained or undrained).  
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Figure 2.22. Interaction mechanism between geocomposite drain (consist of geonet and 
non-woven geotextile) and textured geomembrane (cross section direction) (a) at low normal 
stress (b) at high normal stress (Bacas et al. 2015a). 
 
The size of the gap between the top and lower box of the shear apparatus 
must be set prior to shearing. Different testing standards recommend 
different gap sizes. The gap must be very small so that no soil particles can 
pass through the box. The large gap size may increase the effect of side 
friction losses in the top box. Bemben and Schulze (1998) clearly 
demonstrated that the gap size has a significant effect on the measured 
interface shear strength. From the practical experiences, it should be 
considered that the accuracy with which the gap can be adjusted is not less 
than ±0.5mm in a 300 mm square DSA (Jones and Dixon 2003). Fu et al. 
(2015) modified a DSA to explore the effect of the gap between shear boxes 
and their results showed the significant influences of the coarse-grained soil 
on shear resistance.  
The effect on the method of fixation of the geosynthetics on the direct shear 
apparatus is important because insufficient clamping will affect the peak 
value on the shear strength vs. displacement curve due to stretching of the 
geosynthetic (Blumel and Stoewahse 1998). Geosynthetics must be clamped 
on the top box and secured by a spacer bar. By cutting a geosynthetic 
material wider, it can be secured in place by the weight of the top box and the 
loading plate. Paterson (2012) scratched the back of a geocomposite drain to 
improve the grip between the geosynthetic and wood block to prepare the 
materials for testing.  
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The thickness of the placed soil layer in the top box also directly influences 
the strength measurements. Stoewahse et al. (2002) suggested a cohesive 
sample thickness of the soil layer in the top box of at least 30 mm to shorten 
the time required for consolidation before starting the test. For sandy 
materials, at least 50mm thickness is sufficient.  
The temperature of the testing conditions must also be controlled because it 
may have an effect on the shear resistance of the geosynthetic interface 
(Karademir and Frost 2013). The effect of temperature on interface shear 
strength was also reported by Pasqualini et al. (1993), who found that the 
interface shear strength between a smooth geomembrane and a non-woven, 
needle-punched geotextile increases with increasing ambient temperature. 
The residual friction angles increased  by between 2° and 5° in tests 
conducted at elevated temperatures of 29°C to 39°C compared with tests 
performed at 26°C to 27°C.  
The presence of water at the geosynthetic interface may strongly influence 
soil-geosynthetic interface failure. Water or moisture content at the interface 
may reduce the shear strength and hence affect the performance of the 
system. As a result, Jones and Dixon (1998) assure that all geomembrane 
were wiped with hand towel before testing to prevent from affected the 
testing results. Mitchell et al. (1990) found that the strength of a 
clay/geomembrane interface was affected by the presence of water at the 
interface. A significant decrease in shear strength for samples tested under 
soaked conditions was found. Pasqualini et al. (1993) tested wet and dry 
geomembrane/geotextile interfaces and found that strength values for a wet 
interface were lower than those for a dry interface. A few tests have been 
conducted with submerged interfaces, wherein the residual friction angles 
were found to be approximately 1.5o lower at a normal stress of 50 Kpa. 
Details discussion on the effect of water/wetting behaviour at the interface 
between soil-geosynthetic related to landfill cover system in Section 2.7.1. 
Saxena and Wong (1984) conducted direct shear tests on a smooth 
geomembrane and compared the results to tests on dry and wet sand. They 
found that the shear strength of the saturated sand/geomembrane interface 
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was lower than that of the dry sand for higher normal stresses. Even the 
interface shear strength (HDPE geomembrane/geotextile) can be reduce 
through perspiration from the touch of a dry hand as a results, the residual 
friction values were reduced from 11o to 6° (Yegian and Lahlaf 1992).  
The interface shear strength results in between four types of geosynthetics 
(i.e. geogrid, geogrid, geocomposite reinforcement and non-woven geotextile) 
and local granite residual soil under different condition of water content and 
dry density using large DSA presented by Ferreira et al. (2015). The results 
revealed that the increase in soil water content reduced the soil-geosynthetic 
interface shear strength. Using dry soil and moist soil (w=0.5 OMC where 
OMC=11.45%) showed the maximum reduction in shear strength of 20%. 
Increased in soil water content (w=OMC), the interface shear strength 
decreased by up to 22%. Lastly, when water content increased to w=1.5 
OMC, the reduction of interface shear strength reached 27%. However, the 
interface shear strength depended on the geosynthetic type, soil density and 
normal stress. .  
The interface between certain non-woven geotextiles can potentially exhibit 
lower shear strengths compared to other liner system interfaces. However, 
for certain non-woven-to-non-woven interfaces, the addition of a small 
amount of coarse sand can significantly improve the interface shear strength, 
and overall costs can be minimized. Laboratory testing by Richardson and 
Scheer (2006) evaluating a GCL (hydrated) against a GD proved that the 
interface friction angle increased from 21.1o to 27.9o with added coarse sand 
and from 21o with no sand to 32.4o with added concrete sand with the normal 
load applied of 10kPa. The sand was introduced using a towed spreader or 
hand broadcasting or by being placed at the top and/or along the slope by 
pulling the material down during the installation of the overlying material. 
2.7 Stability performance of landfill cover systems  
The section includes the review on the factors affects and case study related 
to the stability performance of landfill cover system. Generally, landfill final 
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covers might fail due to the top soil layer slides on the low permeability 
barrier due to insufficient interface shear strength (Stark and Newman 2010) 
or soil erosion effect that wash out the soil surface due to heavy rainfall 
(Siebecker 2005). Landfill covers system mainly isolated by the geosynthetic 
layers which is involves the interaction in between soil-geosynthetics and 
geosynthetic-geosynthetic interfaces. The individual components of landfill 
cover are discussed in Section 2.4.2 earlier. To design for landfill cover 
system stability, the elements that influence this stability must be examined 
(i.e. interface shear strength of soil-geosynthetic or geosynthetic-
geosynthetic components). So, knowledge of shear behaviour of these 
interfaces is critical.  
Shear strength refers to the ability of the material to resist structural damage 
when a force is applied to it. As the inclined slope and length increase, the 
shear forces caused by gravity increase. The shear forces must be resisted 
by the shear strength of the weakest soil/geosynthetic or 
geosynthetic/geosynthetic interface in the cover system. A soil/geosynthetic 
or geosynthetic/geosynthetic interface can slide if the interface shear 
resistance is less than the shear forces induced by the overlying materials at 
the interface and lead to geosynthetic tears or slope failure. Some or all of 
the cover may slide off. 
A major concern when using geosynthetics is their behaviour when subjected 
to shear forces. Their stability is controlled by the shear strength mobilized at 
the interface between various soils and geosynthetics or within geosynthetics 
themselves (Bouazza et al. 2002). The stability of the final cover is governed 
by the soil shear strength, which includes the internal shear strength of the 
soil, or the interface shear strength between various geosynthetic materials 
and soil and geosynthetics. The interfaces and their associated failure 
mechanisms have long been identified as being critical to the overall 
performance of landfill covers. The introduction of these materials also raises 
questions regarding internal stability due to potential weak bonding between 
component layers (Bluemel and Stoewahse 1998). As a result, 
soil/geosynthetic and geosynthetic/geosynthetic interface friction is an 
important variable in the proper design of cap and liner systems to be 
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constructed using geosynthetics (Koutsourais et al.1991). There is also a 
dearth of information on the interaction of the geocomposite drain in terms of 
shear with other capping system members at the normal stresses associated 
with capping systems.  
A critical review and guidelines for the assessment of the stability and 
integrity of landfill lining systems including cover systems have been 
produced for the Environment Agency (England and Wales). This design 
framework was developed by Dixon and Jones (2003) and extended by 
Fowmes et al. (2007). The Environment Agency guidance (R&D Technical 
Reports P1-385/TR 1&2) (Dixon and Jones 2003, Jones and Dixon 2003) 
was published for review and provides a design assessment framework for 
current landfill practise in landfill construction engineering in the UK. Report 
No. 1 presents case studies of failures and an international literature review 
of landfill engineering practise with a focus on lining system stability and 
integrity. Report No. 2 provides guidance on landfill lining system design. 
Both reports should be used in the design, construction, operation and 
regulation of landfill sites. 
Fowmes et al. (2007) highlighted the design consideration in terms of stability 
and integrity of the landfill capping system. Figure 2.23 shows the potential 
failure mechanism in between lining elements that involve underlying waste, 
restoration soil and drainage material in landfill capping system. One of the 
important point mentioned in Fowmes et al. (2007) related to this study is the 
saturation of drainage layer due to extreme rainfall contributed to 
saturated/wetting leads to softening effect at the interface in between 
restoration soil and geosynthetic drainage and  reduced the interface shear 
strength hence effect the stability of the system.  
Design methods used to assess the stability of landfills are well established 
(e.g. Koerner and Daniel 1997), but landfill failures continue to occur 
worldwide (Koerner and Soong 2000, Dixon and Jones 2003). In designing 
for the stability of landfill cover systems, there are several additional 
considerations that bring a high possibility of cover failure, including 
equipment loadings, inadequate design of drain outlets, water content/wetting 
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in soil, water seepage effects on veneer cover stability and seismic forces, 
which must be addressed. Design engineers are required to consider all 
potential failure mechanisms for stability and integrity failure both prior to and 
following waste placement. The shear strength of the landfill cover layer 
materials and interfaces should be evaluated using the results based on 
project-specific laboratory shear tests conducted to simulate field conditions 
(Hsuan et al. 2004).  
 
 
Figure 2.23.Landfill capping failure mechanism (Fowmes et al. 2007). 
 
The effect of soil softening at the interface of soil-GDs in cover systems is a 
major focus of this study because the behaviour may reduce the interface 
shear strength between soil-GD hence affect the stability performance of 
landfill cover system. This behaviour can be related to capillary breaks at the 
soil-geosynthetic interface or to water pressure build-up from toe of the drain 
upward in the cover soil. The wetting behaviour can also be associated with 
the overflow of drainage outlets due to uncontrolled heavy rainfall events 
(Siebecker 2005). This behaviour may cause water levels in the drainage 
core to rise to the interface of the soil-GD for a longer period of time. This can 
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result in soil softening at the interface. Additional details about this 
mechanism are discussed in the next section.  
2.7.1 Effects of water content/wetting behaviour of soil-geosynthetic landfill 
covers 
The section reviews the effect of water content/wetting behaviour on the 
interface soil-geosynthetic component that affects the stability performance of 
the landfill lining and cover system.  
Failure of system/structure can be due to the small matters that may simply 
require repair without being reported or due to massive failures that require 
major repairs and that are potentially hazardous to the structure. The 
mechanisms must be thoroughly determined and inspected, and the design 
construction documents must be reviewed in detail in order to understand the 
reason behind the failure. However, failure is often caused by improper 
design and poor construction methods, including physical and soil conditions, 
or other environmental factors such as poor weather conditions (Siebecker 
2005).  
The water content of soil is rarely uniform in the field construction. In most of 
landfill covers, the water content is also likely to be different from the as-
compacted values over their service lives due to several factors, including 
weather conditions, wetting and drying cycles and water flow based on soil 
behaviour (McCartney et al. 2007). Such variations in water content may 
change the soil–geosynthetic interface resistance. The influence of water 
content/wetting, even in the form of ice at the interface, is clearly relevant to 
reducing the interface shear strength of a soil-geosynthetic system and may 
be a major contributing factor in many recorded landfill cap failures 
(Richardson 1997, Richardson and Paruvakat 2000, Richardson and Pavlik 
2004). The mechanism behind the failure of landfill covers can also be 
related to excessive movement of uncontrolled water (e.g. rainfall) through or 
over the cover soils (Schroeder et al. 1994, Siebecker 2005). 
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Therefore, it is desirable to evaluate how the variations in the water contents 
of soil and water content/wetting at the interface between cover soil-GD will 
affect the interface shear strength hence influence the stability of the cover 
system.  
The failure mechanism related to the influence of water content/wetting at the 
interface on the stability performance of landfill cover/lining systems was 
studied by Ellithy and Gabr (2000), Bergado et al. (2004, 2006), Ivšić et al. 
(2005), Briancon et al. (2002) and Lopes et al. (2014). Ivšić et al. (2005) 
confirmed that the wetting and saturation behaviour at the interface reduces 
the shear strength of clay-geomembrane of the lining systems. The clay 
underneath the geomembrane was very soft at certain locations, indicating 
excessive water content due to damage of the geomembrane. This 
mechanism reduces the shear strength of the clay-geomembrane interface 
and is considered as a possible mechanism for the bottom failure of waste 
landfills. This behaviour agreed by Ivsic et al. (2005) as fully soaked condition 
of clay layer obtained similar shear stress as normal stress increased in 
between 50 to 400kPa due to the undrained loading conditions.  
The failure mechanism related to water content/wetting at the interface of 
soil/geosynthetic was also attributed to the Kettleman Hills landfill slope 
failure (Mitchell et al. 1990), and a similar case in the UK was reported by 
Jones and Dixon (2003). Mitchell et al. (1990) found that the strength of the 
clay/geomembrane interface is affected by the presence of water at the 
interface. They tested clay that was initially compacted at optimum moisture 
content (OMC) and then placed in water, allowing it to swell for 24 hours prior 
to testing. The testing conditions were similar to unconsolidated undrained 
conditions, with no time being allowed for pore water pressure dissipation 
during loading and shearing. For comparison, the same clay was sheared 
under OMC conditions with no water, and the shear resistance was 95.8kPa. 
They reported a significant decrease in interface strength for samples that 
were soaked (reduced to 43.1kPa) prior to direct shear testing. The interface 
shear strength of geomembrane and soaked condition reduced to more than 
half and this conditions affect the stability performance of the landfill system.  
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The influence of water content on the stability of a landfill cover system was 
discussed by Lopes et al. (2014) using inclined plane shear test with three 
vertical stresses (5, 10 and 25kPa). The results obtained showed that the 
interface shear strength of well graded residual soil with non-woven 
geotextile/geocomposite interfaces decreased more than 10% when 
increasing soil water content from dry to OMC (11.45%) conditions.  
In addition, experimental and in situ experimental validations using modified 
inclined plane tests subjected to low vertical stress were also performed by 
Briancon et al. (2002) to measure the effects of wet (seepage in soil) soil-
geosynthetic interfaces on the landfill cover system. Sand-
geomembrane/geotextile interface tests were conducted using their testing 
procedure to stimulate the most common hydraulic conditions, including 
rainfall leading to partial or total saturation of the landfill cover (Figure 2.24). 
Then, the in situ field test plot used to validate the measurement was placed 
on a 10m long slope inclined at 20o. The geomembrane were covered by 
0.25 m of cover soil layer. The materials were installed under rainy conditions 
in site. The measurement of the interface friction angles under dry and wet 
conditions obtained showed that the influence of seepage in the cover soil of 
landfill covers decreases the interface friction angle to average of 4o. The 
study suggested taking the consideration of this factor in design calculations.  
 
Figure 2.24.The different hydraulic conditions applied in the inclined plane test. H1: seepage 
at the geosynthetic interface, H2: seepage in the soil at a constant height, H3: simulation of 
filling and H4: sudden drawdown of the water level (Briançon et al. 2002). 
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The drainage layer in a cover system will function properly if the outlet drain 
is freely allows water to flow. The importance of designing the drainage layer 
outlet is addressed in a technical guidance document (US EPA 1989) where 
the drainage layer must slope to an exit drain which allows percolated water 
to be efficiently removed. Modern landfill designs generally include 
geosynthetic drainage layers; however, they often lack systems designed at 
the drainage layer outlet to prevent clogging or other constraints (Yates 
2011).  
One of the critical components of a capping system is the performance of the 
drainage system. Inadequate design or improper construction can resist 
saturation/wetting of the landfill cover soil layer during a major storm event. If 
the geocomposite drain as a drainage layer becomes clogged or is under-
designed for a major storm, the cover soil layer above GD can become 
quickly saturated (Richardson and Paruvakat 2000, Richardson and Pavlik 
2004). The final cover layer in the study had 15 cm of topsoil, an 45 cm silty-
fine sand vegetative support layer and a GD with single-bonded geonet drain 
over a smooth geomembrane with slopes of 5o to as steep as 1h:3v. Two 
storm events caused a veneer cover failure, and the additional drainage 
needed to be added to support the rebuilt cap. Another warm season with 
additional precipitation caused snow to melt and accumulate on the capping 
layer, resulting in additional erosion, cracking and movement of a portion of 
the cap as showed in Figure 2.25. An examination of the failure concluded 
that the failure was due to the saturated cover soil layer. The saturated cover 
soil would produce more inflow into the geosynthetic drain than it was 
designed to accommodate.  
Capillary break behaviour at the soil-geosynthetic interface of landfill cover 
system can also be related to the effects of water content/wetting behaviour, 
wherein this phenomenon increased the water content of soil at the interface 
due to the capillary break behaviour. Details discussion about the capillary 
behaviour phenomenon is discussed in Section 2.5. The poor performance of 
geotechnical structures involving capillary breaks affecting the incorporation 
of GDs and non-woven geotextiles was also discussed in an earlier section in 
Section 2.5.3. 
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Figure 2.25.Landfill cover failure (i.e. crack) due to an under-designed drainage layer 
(Richardson and Pavlik 2004). 
 
The effect of a capillary break was observed by Richardson (1997) on the 
sliding failure in the side slope of a landfill cover system resulting from water 
accumulation in cover soil layer induced by a capillary break effect. The slope 
was designed with a GD intended to drain water from rainfall events. The 
problem occurred when the slope soil was subject to unsaturated conditions, 
and the geocomposite drained differently in an unsaturated state compared 
to a saturated state. When the geosynthetic created a capillary break, the 
accumulated moisture caused the soil to saturate. Furthermore, the slope 
stability analysis utilized the dry unit weight of the soil for design calculations. 
The added water was not accounted for in the slope design, and the 
increased weight was sufficient to cause a reduction in the safety factor, thus 
leading to slope failure. Similar observations were made in laboratory and 
numerical studies by Iryo and Rowe (2003, 2004, and 2005).  
Failure was indicated when a GD or geotextile created a capillary break due 
to water accumulation above the geosynthetics, which contributed to soil 
softening above the geosynthetics. Iryo and Rowe (2005) suggested 
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assessing the stability performance of geocomposite drainage systems in 
response to substantial amounts of water ponding in soil above a geotextile 
as a result of this behaviour. This is of particular relevance in the design of 
GDs, where such drains are frequently used to remove water from soils in 
landfill cover systems. If the soil at the interface between the soil and the 
geotextile/GD softens due to the presence of trapped water, the stability of 
the interface can be affected.  
Even when the drainage system is functioning properly, the outlet pipes are 
restricted to the overflow of water due to uncontrolled heavy rainfall events. 
Some drainage layer outlets become blocked or clog due to several factors 
include inadequate filter design, inadequate flow-carrying capacity, damage 
to the outlet pipe, or freezing of water in the pipe. The water level rises at the 
outlet pipe until it flows over the landfill cover soils and blows out. This 
behaviour can cause water levels in the drainage core to rise to the interface 
of the soil-geocomposite drain for a longer period of time and can thus result 
in soil softening at the interface. This causes a build-up of pore water 
pressure within the cover soil. This cause of failure in the final cover system 
was discussed in Richardson and Paruvakat (2000), Richardson and Pavlik 
(2004) and Siebecker (2005).  
The water ponding behaviour (i.e. related to capillary break behaviour) at the 
interface of geotextiles (part of a GD) in a landfill cover system was 
confirmed by Zamara (2013) during field work monitoring of the landfill 
capping of a geosynthetic drainage system at Bletchley landfill. The in situ 
monitored the behaviour of the drainage flow for a geocomposite drain layer 
showed a piezometer level reading achieved 17 cm, which is more than half 
the cover soil layer thickness at the toe position of the panel. At the same 
time, no water level was recorded at the piezometer reading in the mid-
section of the panel, and other GDs exhibited lower flow rates during this 
period. This behaviour indicated that the drain was not full and that the water 
may accumulate on the top of the geotextile at the interface.  
 
This phenomenon was further investigated on site by digging up the cover 
soil and confirming that water accumulated above the geotextiles (part of the 
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GD) within the toe (further discussed in Section 2.8). This behaviour can be 
associated with several mechanisms, including capillary break behaviour at 
the interface of the soil-geosynthetic drainage, clogging of the geotextile, 
drainage outlet failure, and uncontrolled water due to extreme rainfall. No 
further explanation was provided in the Zamara (2013) thesis about this 
behaviour. Further investigation related to this behaviour and similar field site 
measurement results will be discussed in Section 4.6.  
 
The field measurement study by McCartney et al. (2007) on a landfill cover 
system consisting of 1.17m thick low plasticity clay layer over geocomposite 
drain layer (consist of geonet and sandwiched on non-woven geotextile) 
showed a negligible (i.e. less than 0.1% of the precipitation) amount of water 
observed to flow from the soil into the geosynthetic layer during a six year 
period. However, the investigation of the moisture content profiles using 
water content reflectometer (WCR) probes indicated that the volume of 
moisture content reached the base of cover during significant rainfall event. 
This observation indicated that ponding of water occurred above the 
geosynthetic drainage layer, which is the evidence of a capillary break effect. 
Also, small volume of water was collected, indicating that breakthrough 
occurred after ponding was observed.  
Final cover systems are very sensitive to relatively small changes in normal 
force, pore water pressure and shear strength, which can produce sliding 
failure (Thiel 2008). Failure due to the sensitivity factor may not be included 
in a project’s risk assessment. Under design conditions, the liquid thickness 
of the drainage layer must be less than the thickness of the drainage layer to 
ensure proper functionality and stability of the cover system (Giroud et al. 
2000). For example, a GD can be used as a drainage material in a cover 
system, thereby allowing a head build-up of approximately 5 mm. If this GD 
fails and the head level exceeds 5 mm, then the head would immediately 
increase to the full thickness of the cover soil, and the safety factor would 
decrease to below unity, implying slope failure. This occurs because as soon 
as the drainage layer becomes full, it touches the overlying saturated cover 
soil, and the depth of saturation quickly increases from the top of the 
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geocomposite to the top of the final cover soil. This jump in liquid depth is not 
stated in the design. By understanding the sensitivity to small changes in the 
final cover system, properly determined design parameters may help to 
reduce the risk of sliding failure. 
The influence of water content/wetting at the interface clearly relevant to 
reduce the interface shear strength of soil-geosynthetic and hence affect the 
stability performance of landfill cover which is related to this study.  
2.7.2 Others factors related to landfill cover system stability performance  
This section discusses other issues related to landfill cover failure. This study 
only focus on the soil softening at the interface issue related to capillary 
break behaviour. But it is important to discuss any other factor related to the 
instability of landfill cover system.  
The impact of cover soil placement techniques has caused the instability of 
landfill cover systems during construction and was investigated in Paruvakat 
and Richardson (1999). Soils are placed over GDs in cover systems as either 
a drainage or protective layer. Low ground pressure bulldozers are 
commonly used to push the soil upslope to form a layer of uniform thickness. 
Equipment loading effects can cause local overstressing on the landfill cover. 
The potential for large local interface shear stresses exists when the operator 
of oversized equipment attempts to push an excessive amount of material 
up-slope at one time. If the resulting shear stresses below the GM exceed 
the interface shear strength, localized slippage will result. Jones et al. (2000) 
assessed the effects of equipment loading on landfill lining during 
construction and suggested their inclusion in slope stability calculations 
during the design stage. 
Vegetative covers represent an important component of a landfill cover 
system. As previously discussed, the purpose of plant growth is to control 
erosion and reduce the water flux by taking up water in the soil through roots, 
thereby increasing transpiration. The disadvantages of plant growth include 
the possibility of roots penetrating through to the buried waste layer, which 
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could result in contamination transporting to the surface and undesirable 
contact. A study by Waugh and Smith (1997) proved that unintended plant 
root growth can increase the hydraulic conductivity of soil and cause the 
cover to no longer meet the requirements of the design. More water can 
infiltrate through the cover and reach the waste. Further evaluation of the 
cover system using GDs consisting of a geotextile revealed significant 
clogging by roots from the overlying vegetation (Richardson and Pavlik 2004). 
Figure 2.24 shows an example of root penetration in GD materials. The 
potential for root penetration into the geocomposite must not be neglected in 
design. The root depths of plants on site must be evaluated based on the 
thickness of the cover soil.  
Migration of soil particles producing clogging is discussed by Giroud et al. 
(1998) in terms of leachate collection systems but is clearly also appropriate 
for drainage layers in cover systems. The clogging of geotextiles (i.e., parts 
of GDs) produces a formation layer of a soil filter bridge at the interface and 
leads to inefficient drainage performance because cover soil sometimes 
consists of low-quality soil available on site. Approximately 50% of vegetative 
support soil layer materials pass through the geotextile component. A 
significant amount of fines can pass through geotextiles before large particles 
can form a filter bridge. Based on observed problems, geocomposite 
drainage systems are adequately designed with respect to soil particle 
retention (Richardson and Pavlik 2004). The ability of soil to be used 
adjacent to a GD must be shown to not result in the formation of an internal 
filter. Information on the particle size distribution can help prevent clogging 
problems.  
Furthermore, the intrusion of soil particles into the pores of non-woven 
geotextiles and soil confinement have been reported to significantly improve 
the tensile strength and creep behaviour of the reinforcement (Mendes and 
Palmeira 2008). However, the clogging of non-woven geotextiles and the 
existence of wet soil conditions along soil–geosynthetic interfaces can 
degrade drainage system performance (Raisinghani and Viswanadham 
2010). 
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Figure 2.26.Root penetration in the geocomposite drain materials (Richardson and Pavlik 
2004). 
 
In conventional drainage layers, where sand and/or gravel are used as 
drainage materials, the initial porosity of the drainage materials is too small to 
allow for significant migration of soil particles from the overlying cover soil 
layer. The porosity of tire shreds as a drainage material is very high 
(approximately 60%) and can potentially produce a greater amount of soil 
migration from the overlying cover soil layer. (Reddy et al. 2006) presents a 
laboratory research programme undertaken to assess the clogging potential 
of tire-shred drainage layers in a landfill cover system. The results showed 
that the tire-shred drainage layer can become significantly clogged, thereby 
compromising the drainage performance. 
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2.8 Field monitoring study on landfill cover system  
The section review the field monitoring work on landfill cover trial panel at 
Bletchey landfill by Zamara (2013) and further analysis work on data 
performance on the same field site by Sąsiadek (2012). Some of the finding 
from both studies is relevant to this study. The important and relevant 
consequence related will be discussed in the section and further discussion 
related in this study in Section 5.5. 
2.8.1 Field instrumentation on landfill cover trial site 
A full scale study at Bletchley landfill cover trial site allowed monitoring of in-
service performance of the different drainage materials as in Zamara (2013). 
The field instrumentation was designed and installed on the site to monitor 
the parameters of the capping water balance by Zamara (2013) for part of 
her study. The main focused of her study was to investigate the soil pore 
water pressure distribution along the landfill capping and its influence on the 
stability and drainage system requirements. The landfill capping studies 
involved several stages including full-scale site monitoring, numerical 
modelling and laboratory/site tests. The focus was on the geosynthetic 
drainage performance of the landfill cover system trial site. Details of the trial 
site description and instrumentation is explained in Chapter 3.8. 
2.8.2 The stability performance of landfill cover soil layer at Bletchley  
Generally, seasonal changes in temperature and precipitation play crucial 
roles providing the water content in the landfill cover soil layer. These might 
change rapidly and hence capping soils do not reach steady state conditions. 
Additional factors such as soil structures and textures and types of vegetation 
may also influence the cover soil water content.  
In Zamara (2013) study, the field monitoring work on the water movement 
across and within the cover soil layer was measured using VWC (volumetric 
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water content) sensors installed at certain positions in the cover soil layer 
above the geosynthetic drainage at each of the trial panels. The position of 
the sensors installed was discussed in detail in previous section. Sąsiadek 
(2012) continues the data analysis using details from Zamara (2013).  
In order to compare the data from Zamara (2013) and Sąsiadek (2012) to be 
used in this study, several calculations and analyses are needed. From the 
data given (volumetric water content versus date) the calculation of the water 
content in the cover soil layer needs to be converted from volumetric to 
gravimetric values to obtain the mass of the water content in the soil. A bulk 
density of the cover soil of 1.55Mg/m3 from Zamara et al. (2012) has been 
used in the calculation of this study (Refer attachment A3). 
Figures 2.27 to 2.30 show the percentage of water in the cover soil layer at 
several heights based on sensors installed above the geosynthetic drain/CCL 
from the toe and middle position for each panel. The data presented based 
on a specific date are from Zamara (2013) and Sąsiadek (2012). For 
simplicity, the position of the sensor near to the geosynthetic 
drainage/compacted clay layer interface will be called the low sensor and the 
sensor near to the surface of soil will be called the high sensor. As Panel 2 
has an additional sensor installed in between the low and high sensor 
positions, that sensor will be called the centre sensor. In addition, the all 
sensor position (i.e. low, high and centre) installed in at the toe position and 
middle position of the panel. Rainfall data on the specific date based on 
previous studies are also presented on the graph.  
Figure 2.27 presents the water content of the cover soil layer for Panel 1 with 
a geocomposite drainage layer. In average, water content in soil of Panel 1 is 
31% which is higher than the PL of the soil (21%). The highest water content 
of the soil cover layer shows at all sensor positions from April to June 2012 
due to higher precipitation events occurring earlier. Sharply reduced water 
content is shown from mid-August 2012 until the end of September 2012 in 
all positions on Panel 1. Reduction is possibly due to the dry season of the 
year. Overall, most of the highest water content of cover soil layer is recorded 
at the low sensor (0.05m above geocomposite drain) of the cover soil layer at 
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the toe position with a higher average of 41% compared with other positions 
throughout the measurements taken. The average of 32% water content is 
found in the low sensor measured at the middle position of the panel. Lower 
water content is measured at the high sensors (at toe and middle position of 
the panel) compared with above height. 
As a control panel, Panel 2 consists of a cover soil layer and a compacted 
clay layer without any geosynthetic drainage layer. The water content of the 
cover soil in Panel 2 from Sąsiadek (2012) is shown in Figure 2.28. Sensors 
were installed at three positions in this cover soil layer above CCL (i.e. low, 
centre and high). The average water content measured at different heights 
above the CCL at the toe position of the panel show very little difference at 
around 24-26%. But a higher average water content of 28% is recorded for 
the cover soil layer for the low sensor at the middle position. The average 
water content of cover soil layer in the panel seems similar to Panels 3 and 4 
at 25%.   
The measurement of water content in the cover soil layer of Panel 3 is 
presented in Figure 2.29. Only one sensor was installed (low sensor) at each 
position in the cover soil layer above the geotextile drainage layer (i.e. 0.1m 
above the geotextile layer at the middle of panel and 0.05m above the 
geotextile layer at the toe of the panel). The water content of soil increased 
uniformly with rainfall distribution throughout the year with the extremely high 
water content following heavy rainfall on each occasion. Overall, the graph 
showed the low sensor at the middle position has a higher water content 
throughout the time with an average of 26% compared to the toe position 
with 23%.  
The graph in Figure 2.30 shows the percentage of water content of the cover 
soil layer at the toe and middle positions of Panel 4 with two different sensor 
positions (i.e. low sensor (0.1m) and high sensor (0.15m) at toe and middle 
of the panel measured above the geocomposite with band drain.  All 
positions show very consistent water content with a similar pattern including 
sudden spikes in water content following higher rates of rainfall. On average, 
higher water content in the cover soil layer shows at the high sensor of the 
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toe position with 25% and similar water contents were measured at the low 
sensor for the toe and middle positions with 23% on average.  
Based on the histogram, the highest recorded piezometer water level 
occurred above Panel 1 at the toe position where the reading reached 0.17m 
at 12:00 noon of 11 June 2012 due to highly rainfall (solid green rectangle). 
At this location the reading is increased more than a half of the cover soil 
layer thickness of Panel 1 (i.e. 0.28m) as discussed in Chapter 3.8.1. The 
piezometer reading of Panel 1 at the toe position at 10:00 in the morning is 
0.15m, which is quite high and continues to increase to the peak after 2 hour. 
Then, the piezometer level measured at 14:00 showed decreased to 0.12m 
and continues to drop until 0.07m after 4:00 in the evening. But at the same 
time, no water level was recorded in the standpipe at the middle position of 
Panel 1 along the day. This is the lowest water level recorded at the middle 
position compared with other panels. This behaviour indicated that the drain 
was not full due to high precipitation. In addition, based on Zamara (2013), 
the middle low sensor (interface) returns to the initial state (i.e. same as 
before the start of the event, which means it produces the lowest increase in 
water content for a given precipitation) on 11-12 June 2012.Only the drain at 
the toe position of Panel 1 was extremely full compared to other panel 
especially at 10:00 in the morning and 12:00 of the noon. 
The piezometer level on 11 June 2012 for other (i.e. Panel 2, Panel 3 and 
Panel 4) showed constantly similar at the middle and the toe position 
compared to Panel 1 as shown in the same histogram. Panel 4 with no band 
drain obtained 0.08m of piezometer level at 10:00 am for toe position and the 
reading slightly reduce to 0.06m at the middle position. The reading slightly 
increased at both position of the panel after 2 hours with 0.1m and 0.08m but 
still lower than Panel 1 at this time. The reading continues to reduce 
constantly after 2:00 in the noon. Panel 3 piezometer reading measured 
lower at 10:00 am at both positions (middle and toe) with 0.04m and 0.05m. 
After 2 hours, the measurement increased to 0.09m for middle position and 
slightly increased to 0.11m at the toe position, which is higher than Panel 4 
with no band drain. Similarly, the reading continues to reduce constantly after 
2:00 in the noon. 
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Figure 2.27.The percentage of water content in the cover soil layer above geosynthetic drainage of Panel 1 (GD) at different positions with rainfall 
(after Zamara 2013 and after Sąsiadek 2012).
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Figure 2.28.The percentage of water content in the cover soil layer above geosynthetic drainage of Panel 2 (no geosynthetic drainage) at different 
positions with rainfall data (after Zamara 2013 and after Sąsiadek 2012).
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Figure 2.29.The percentage of water content in the cover soil layer above geosynthetic drainage of Panel 3 (geotextile drainage) at different 
positions with rainfall data (after Zamara 2013 and after Sąsiadek 2012). 
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Figure 2.30.The percentage of water content in the cover soil layer above geosynthetic drainage of Panel 4 (geocomposite with band drain) at 
different positions with rainfall data (after Zamara 2013 and after Sąsiadek 2012). 
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Figure 2.31.Piezometer level above geosynthetic drainage/compacted clay layer on 11-12 June 2012 of Panel 1, Panel 2, Panel 3 and Panel 4 
(after Zamara 2013 and Sąsiadek 2012).
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In contrast, Panel 2 and Panel 4 with band drain showed very low increment 
of piezometer level at the middle and toe position especially at 12:00 noon 
(peak time). Not much different in the piezometer level shown in between 
10:00 am and 12:00 noon. No water level obtained at the toe position of 
Panel 4 with band drain after 2:00 noon and very low level measured at the 
middle position. 
Figure 2.32 showed the geosynthetic drainage system outflow graph by 
Zamara (2013) for 11 to 12 June 2012, the same day as piezometer level 
measured. The different colours represent the different panels of landfill 
cover. The graph show that the lowest outflow was obtained on Panel 1 (with 
blue colour) compared to other Panels 3 and 4 during the heavy rainfall event. 
Very significant outflow readings can be seen for Panel 3 and Panel 4 in 
between 0.4 to 1l/s compared to the outflow Panel 1 with less than 0.2l/s.  
 
Figure 2.32.Geosynthetic drainage outflow for Panel 1, Panel 3 and Panel 4 on 11 to 12 
June 2012 (After Zamara 2013). 
 
This behaviour was further investigated on-site by Zamara (2013) by digging 
up the cover soil and confirmed that water accumulated above the geotextiles 
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the finding on the outflow above).  Figure 2.33 show the field site photograph 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Dr
ai
na
ge
 o
ut
flo
w
,l/
s
Drainage system outflow  
Panel 1
Panel 3
Panel 4
 
 
82 
 
Chapter 2 
of the Panel 1. The photograph really shows a condition similar to the 
capillary break behaviour where water accumulated at the interface of soil-
GD. Because the position of water accumulated was at the toe position and 
the finding also agreed that the water content at the interface of toe position 
is higher than other position, the behaviour may be related to the water build-
up from the toe position upward to the GD interface and water tends to rise 
until the interface. The soil softening behaviour at the interface may occurs 
and reduce the shear strength of soil-GD at the interface hence effect the 
stability of the system. This behaviour can be associated with uncontrolled 
water due to extreme rainfall and several mechanisms as discussed in 
previous Section 2.7.1 that bring to the failure of landfill capping system.  
 
Figure 2.33.On-site investigation of water ponding/accumulation above a GD within the toe 
section (Zamara 2013). 
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Similar behaviour on the water ponding behaviour at the soil-GD interface 
occurs in the field measurement study by McCartney et al. (2007). The study 
on the on a landfill cover system consisting of 1.17m thick low plasticity clay 
layer over geocomposite drain layer (consist of geonet and sandwiched on 
non-woven geotextile) showed a negligible (i.e. less than 0.1% of the 
precipitation) amount of water observed to flow from the soil into the 
geosynthetic layer during a six year period. However, the investigation of the 
moisture content profiles using water content reflectometer (WCR) probes 
indicated that the volume of moisture content reached the base of cover 
during significant rainfall event. This observation indicated that ponding of 
water occurred above the geosynthetic drainage layer, which is further 
evidence of a capillary break effect. Also, small volume of water was 
collected, indicating that breakthrough occurred after ponding was observed. 
Overall, the finding on the performance of the water content of the cover soil 
layer at different heights above the geosynthetic drains/CCL in the previous 
studies by Zamara (2013) and Sąsiadek (2012) discussed above show the 
potential effect on the stability performance of the landfill cover system due to 
soil softening effect at the interface and higher water content in soil-
geosynthetic drain interface.  As discussed, the mechanism leading to the 
increased of water content at the interface between the soil cover layer and 
geosynthetic drains (parallel to the slope along the panel) can be related to 
the presence of capillary break behaviour at the interface. The capillary break 
behaviour may restrict the water from flowing into the drainage due to 
different particle sizes in the cover soil layer and non-woven geotextile fabric 
(part of geosynthetic drainage). A higher water content of the soil cover layer 
is also shown at the toe position, a horizontal build up from the toe upward to 
the geosynthetic drainage/CCL interface. The mechanism can be related to 
the water restricted from draining to the outlet due to several factors including 
heavy rainfall events, damage or clogging at the outlet that restricts water 
from draining out and many more. These above conditions potentially soften 
and weaken the cover soil layer at the interface and reduce the shear 
strength, hence affecting the stability performance of the landfill cover system. 
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The application of geosynthetic drainage as a drainage layer in a landfill 
cover soil system seems to be effective to drain water compared to the panel 
without any drainage layer (Panel 2). The percentage of water content in the 
cover soil layer above CCL is found to be higher than those panels with 
geosynthetic drainage.  
2.9 Conclusions from the literature 
The literature review presented in this chapter focused on topics that are 
relevant for the work presented in the following chapters. To describe the 
geocomposite drain (GD) materials, various authors have investigated a 
substantial body of literature relating to GDs and their application as a 
drainage layer specifically as part of landfill cover systems (Section 2.4). 
The drainage layer and the effectiveness of the drainage system are the 
most important aspects of the landfill cover system in terms of controlling 
surface infiltration into the waste mass and stability of the cover layers. In 
addition, the drainage layer should be designed to operate without clogging 
over its lifetime. The cover soil layer/restoration soil is usually excavated from 
the site, or a nearby borrow area, to minimize operational costs. The 
construction of the cover soil layer is quite basic. The soil materials are 
generally loosely distributed using a dump truck and spread with a blade. 
This is often only nominally compacted to facilitate the growth of vegetation 
(Section 2.4.1).  
Capillary break occurs at the contact interface between two porous materials 
with a large difference in pore size (e.g. fine grained soil underlain by a GD). 
In a number of applications using GD materials, geotextile elements may 
exist in an unsaturated condition for most of their design life and are required 
to perform under saturated conditions when water is present. Under 
saturated conditions, geotextiles may be less conducive to flow compared to 
finer materials (i.e. cover/ restoration soil) due to the formation of capillary 
breaks at the soil/GD interface. 
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The development of capillary breaks can have an effect on the overall 
structural performance of the drainage system when incorporating a 
geocomposite drain (Section 2.5). The water content within the fine grained 
soil overlying a geocomposite drain interface can increase due to the water 
held above the non-woven geotextile part of GD due to a large difference in 
pore sizes. In addition, non-woven geotextiles often require a head of water 
above them to instigate flow, known as a breakthrough head. These two 
components may have unexpected consequences if such behaviour is not 
considered in the design because water may pond above the geotextile, 
which in turn may lead to the generation of pore water pressures and soil 
softening at the interface between the overlying soil and the drain, resulting in 
potential issues with reduced stability. The ponding of water at such an 
interface between a poorly compacted fine-grained soil (i.e. restoration/cover 
soil) and a GD has been observed in field studies (Zamara 2013). 
A number of researchers have investigated the development of capillary 
break effect on a soil-geosynthetic interface. Column tests and numerical 
modelling have demonstrated the implications of capillary break behaviour on 
the flow or water at the soil-geosynthetic interface layer which increased the 
water content of soil at the interface above geotextile (part of GD) layer to 
more than half of the initial soil water content (Section 2.5.2). However, they 
have not studied the behaviour and the effect of soil softening and strength 
issues at the interface.  
Other research has provided a good understanding of the soil-geosynthetic 
interface shear strength interaction. The factors controlling the interface 
shear strength behaviour have been identified and the presence of water at 
the soil-geosynthetic interface strongly influences the interface shear strength 
and hence has implications for the stability of capping system (Section 2.6).  
This soil softening behaviour at the interface of the cover/restoration soil 
layer and the GD has been suggested as a mechanism that affects the 
stability performance of landfill cover systems (Section 2.7). This behaviour is 
believed to be related to several factors, including capillary break behaviour 
and wetting effects as rainfall seeps through the cover to the interface but 
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may not enter the geocomposite core. In addition, the soil softening at the 
interface also can be due to the water build-up behaviour from the toe 
position backing up into the geosynthetic drain with water from within the 
drain  soaked the soil layer at the interface. This can be related to several 
factors that restrict flow at the outlet (Section 2.7). In these cases, 
understanding the soil softening issues at the soil interface for non-woven 
geotextiles (part of GD) is important to ensure the overall long-term stability 
of the landfill cover system.  
Currently, no work has been found that investigated the effect of capillary 
break formation at soil/GD interface and the consequent softening on 
interface shear strength.  
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CHAPTER 3 
Procedures and Methodology 
3.1 Philosophy of research 
This section aims to explain the philosophy behind the experimental tests 
and fieldwork methodologies adopted to investigate the objective of study. 
Deriving from the literature review, it aims to explain the selection of the tests 
and programme of work performed to satisfy the aims and objectives of the 
thesis. The precise details of the methodologies and apparatus used are 
described in Section 3.6 to 3.9. Figure 3.1 summaries the research map 
including the research objectives, research tasks, methodology used and 
parameters measured to complete this study.  
In order to investigate the soil softening behaviour at the interface of soil-
geocomposite drain profiles in landfill cover system, the capillary break and 
water build-up behaviour at the interface between soil-GD must be assessed 
under field site conditions. Therefore, it was proposed to carry out a series of 
controlled experimental testing and field measurements as a comparison on 
the behaviour measured in the laboratory. From the literature review, no 
study was found that has looked at the soil softening effect at the interface 
due to water ponding above the geocomposite drain. This is believed to be 
due to capillary break behaviour. Currently, no information on measurements 
of the reduction in the interface shear strength due to soil softening behaviour 
above soil-GD interfaces has been found. The author feels that such 
information will help designers understand the impact of capillary breaks or 
wetting behaviour on the stability performance of landfill cover systems.  
The main materials tested in this study were Mercia Mudstone clay to 
represent the cover soil component in a landfill cover system. The 
geocomposite drain used in this study consisted of a single cuspated 
(dimpled) core with a non-woven geotextile bonded to one side. It is 
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commonly used as a drainage layer in the landfill caps and used in the 
testing programme of this study.  
It is important to prepare the soil and geocomposite drain materials at the 
anticipated environmental conditions that will be experienced on site. To 
facilitate this, samples should be modelled as landfill cover soil layers at their 
anticipated field conditions.  
The soil samples prepared for testing used a light compaction method to 
replicate the condition of the cover soil in the landfill capping system on site. 
As there is no exact measurements of cover soil density have been made on 
the Bletchley site and the light compaction method on the samples is 
prepared based on the judgement and suitability of the apparatus.  The soil 
samples were prepared for every test at the initial water content of 12%, 
optimum moisture content (OMC) of the light compaction test.  
The effect of water build-up at the interface of these materials needs to be 
investigated. The infiltration test using a small soil column has been used in 
this study to monitor the water flow and breakthrough behaviour of the soil 
and geocomposite drain interface. The soil column test was used because it 
has been found the best method to represent the capillary break behaviour of 
a soil-geosynthetic layer system in the laboratory and been used by several 
researchers (Stormont and Anderson 1999; McCartney et al. 2005; 
McCartney and Zornberg 2010). 
Further investigation on the interface shear strength of soil-geocomposite 
drain using large direct shear apparatus (DSA) was carried out to measure 
the effect of the soil softening issue due to wetting/soaked behaviour above 
the soil-geotextile interface on the stability of the system. A testing 
programme was designed in order to examine the possible mechanisms and 
conditions of interface strength reduction due to soil softening at the interface. 
The soil specimen testing conditions utilized in this study can be described as 
as-compacted state (as a reference state) with different water content and 
also as soaked conditions. These soaked conditions aimed to represent the 
possible situation of a landfill soil cover layer after wetting (e.g. rainfall) and 
to replicate the soil softening effect at the interface due to capillary break 
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behaviour or water build-up from toe position into the geocomposite drain 
level of landfill cover system, as measured from the column tests.  
The performance of several tests in this study was investigated on samples 
with the same soil preparation to measure several different engineering 
properties. Each test type was conducted at a number of different water 
contents to help understand the relationship between the properties 
measured in each test and the soil state. 
As the field measurement work is a later opportunity and thus could not be 
used to inform the selection of materials for the laboratory testing programme. 
The objective of the field measurement work at Bletchley Landfill was to 
measure the range of soil water content conditions and the in-situ shear 
strength of cover soil layer at a range of heights above different geosynthetic 
drain materials, at a landfill cover trial site. The implications of water content 
value and the consequent effect on the strength of the soil above 
geosynthetic drainage materials along with any consequences for the landfill 
cover system stability were considered. Data from the field work is designed 
to help understanding of the mechanism of observed behaviour in the 
laboratory and to allow improve knowledge of geocomposite drain 
performance and hence to allow design optimisation, linked to the laboratory 
work.  
Field instrumentation at Bletchley landfill cover trial site was installed by 
Zamara (2013) for her engineering doctorate study. In this study, the same 
landfill cover system trial site panels were used to measure water content 
and in-situ shear strength of cover soil layer above different types of 
geosynthetic drains. The trial site is an experimental cover system that was 
built in Autumn 2011 at Bletchley landfill situated near Milton Keynes, UK. 
The type of cover soil is considered as low permeability materials (i.e. silty 
sand). The cover system consisted of four test panels evaluating three 
different geosynthetic drainage materials (i.e. cuspated core geocomposite, a 
geocomposite with band drains and a non-woven needle punched geotextile) 
and there was one panel without any drainage material (i.e. cover soil placed 
directly on compacted clay liner).  
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Using the methodology described above, the aim of this study is to develop 
an understanding of influence of capillary break and soil softening on the 
performance of geocomposite drain/soil system in landfill cover system. 
Therefore, this study was designed with the objectives and methodology 
shown in the research map as contained in Figure 3.1. 
 
 
    
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.Research map of this study. 
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3.2 Materials used 
3.2.1 Soil 
Mercia Mudstone clay was used to represent the cover soil component in a 
landfill cover system in this study. The soil was produced from a local brick 
manufacturer in the East Midlands. The soil was reconstituted from a dried 
and powdered sample in reddish-brown colour. Mercia Mudstone can be 
described as an intact, jointed, weak rock (Hobbs et al. 2002). Several soil 
properties tests were performed to determine the physical and compactive 
properties of the test soil. 
The Atterberg limits testing for soil was undertaken using the cone 
penetrometer test for the Liquid Limit (LL) and the rolled thread for the Plastic 
Limit (PL) using BS 1377-2:1990. This is the standard testing used in UK to 
classify the soil properties. The details results on the soil properties and 
compaction values using standard guidance described in BS 1377- 4:1990 
are explained in Section 4.2.  
The type of soil of landfill cover at Bletchley site is different from the 
experimental work. The field measurement was a later opportunity and could 
not be used to inform the selection of soil materials in the laboratory 
programme.  
3.2.2 Geocomposite drains 
The main geosynthetic material used in this study is geocomposite drains 
consisted of a single cuspated (dimpled) core with a non-woven geotextile 
bonded to one side, commonly used as a drainage layer in the testing 
programme (Figure 3.2). The material consists of HDPE core with a 
Polyethylene geotextile filter.  
Geocomposite drainage material is established placed in landfill capping 
systems as a drain. The geotextile is a nonwoven material and produced by 
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needle punching technique. In this process, mechanical bonding of the staple 
fibres is achieved by passing a loose web of fibres beneath a bank of 
reciprocating barbed needles which penetrate the full thickness of the web. 
As the needle enters the web, it drags some of the staple fibres down into the 
body of web, causing them to interlace with other fibres. The thickness of the 
geocomposite is 4.6mm and 6.1mm at 2kPa normal stress conditions. There 
is no different in the performance of the testing used in this study and the 
different of GD thickness as provided by manufactured company.  
 
Figure 3.2.Geocomposite drain consists of single cuspated (dimpled) core (below) with a 
non-woven geotextile bonded to one side (above). 
 
The selection of geocomposite drain material in this study is based on the 
important properties of the non-woven geotextile related to the observed 
behaviour (i.e. capillary break) that influence the soil softening at the 
interface. The breakthrough head of the geocomposite drain used in this 
study is 0mm. The selection also based on the company agreed to supply in 
the large amount of the material for laboratory testing in this study. The 
properties of the geocomposite drain from manufactured data sheet are 
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summarized in Table 3.1. The materials properties table is attached in 
Appendix A1 and A2. 
Table 3.1.Geocomposite drain used in this study properties table.  
Component Properties Unit POZIDRAIN 
4S250/NW8 
POZIDRAIN 
6S250/NW8 
Geotextile 
Thickness at 2kPa mm 1.2 1.2 
Pore size 090 micron 115 115 
Breakthrough head  mm 0 0 
Geocomposite 
drain 
Thickness at 2kPa mm 4.6 6.1 
Mass per unit area g/m2 590 670 
Perpendicular water inflow:  
Water flow at 50mm l/m2/s 95 95 
At 2kPa permeability m/s 2.5 x 10-3 2.5 x 10-3 
Breakthrough head  mm 0 0 
In-plane water flow:  
At 20kPa pressure 
(HG=1) 
m2/sec 0.95 1.6 
At 20kPa pressure 
(HG=0.1) 
l/m/sec 0.25 0.48 
*with soft foam contact surfaces to stimulate textile intrusion into 
the core due to soil pressure 
3.3 Soil compaction tests 
3.3.1 Standard compaction test of Mercia Mudstone clay 
The compaction tests were required to determine the optimum moisture 
content and maximum dry density of the Mercia Mudstone soil sample. The 
laboratory compaction tests were conducted on the clay as described in BS 
1377- 4:1990. This test covers the determination of the maximum dry density 
of soil passing a 20mm test sieve when it is compacted over a range of water 
contents.  
The compaction curve was obtained for the Mercia Mudstone soil by the 2.5 
kg hammer (Proctor) compaction test using a mechanical compaction 
machine. The soil samples were tested under different water contents (10%, 
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12%, 14%, 16% and 20%) and compaction curves defined by plotting water 
content against dry density. In practical engineering, compaction of earth 
structures should be performed close to OMC given that at these values the 
material presents the best performance.  
3.3.2 Light compaction of soil sample preparation  
The idea of using a light-compaction soil sample prepared in the DSA and 
soil column tests is to replicate the condition of the cover soil layer in the 
landfill capping system on-site. The construction of the cover soil is very 
straightforward, only needing nominal compaction to optimize the ease with 
which vegetation can grow. But normally no exact measurements of cover 
soil density at site have been made. The light compaction method on the 
samples is prepared based on the judgement and suitability of the apparatus 
in laboratory.  
In infiltration tests using small column, the soil was placed into the 
transparent column and lightly compacted using a steel rod (i.e. lift the rod 
around 50mm above soil sample and freely release it).  The soil was placed 
into the column in 60mm lifts in three separate layers (i.e. 20mm height of 
each layer) with 8 of blows for each layer (due to small size of column) to 
provide light compaction to the soil profile.  
The Mercia Mudstone clay was placed into the top box of the DSA and a 
40mm x 40mm steel rod was used to compact the soil.  The soil was placed 
into the top box in 60mm lifts in three separate layers (i.e. 20mm height of 
each layer) with 16 of blows for each layer (due to larger size of box) to 
provide light compaction to the soil profile.  
Figures 3.3 (a) and (b) show the conditions of soil sample preparation in the 
soil column apparatus and the top box of the DSA. 
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Figure 3.3.Light compaction of soil sample preparation (a) Soil column apparatus (b) Direct 
shear apparatus. 
3.4 Breakthrough test on soil- GD profile 
The investigation into water flow through the geotextile/geocomposite drain 
started with some trial tests with the apparatus used in Hemingway (2012), 
(previous master student in Loughborough University) consisted of 
symmetrical Perspex column as shown in Figure 3.4.  The aim of the test 
was to determine water flow through a geotextiles/geocomposite drain and 
soil-geotextiles/geocomposite drain profiles under low constant-head 
conditions. The flow of water through a single layer of 
geotextile/geocomposite drain and soil-geotextile/ geocomposite drain normal 
to the plane of the geotextile is measured under specified conditions.  
The constant head test was used to measure the permitted water flow 
through the sample of material at a measured flow rate and to determine the 
overall loss of head across the geotextile. The test procedures followed 
closely the BS EN ISO 12958: 2010 standard. However, the interest in this 
study is the test’s analysis of the breakthrough head, defined as the head of 
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water achieved before flow is initiated (BS 6906-3 1989). These procedures 
have therefore been reviewed to determine if experimental determination of 
the breakthrough head for a soil-geotextile interface can be performed in 
order to investigate the soil-softening behaviour above a geotextile due to the 
capillary break mechanism in a geocomposite drainage layer.  
 
 
Figure 3.4.Symmetrical Perspex tube (Hemingway 2012). 
 
These procedures clearly detail a variable that can be considered for the 
purpose of this research, with breakthrough head being an important factor 
governing the water layer above the soil-geotextiles interface due to capillary 
break behaviour. However, standards clearly make no attempt to simulate in-
situ conditions, with the adoption of high-head experimentation in a closed 
system supporting this argument. Therefore these breakthrough procedures 
are clearly a quality control test and not a performance test (Boschuk and  
Zhou 1992). 
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3.4.1 Assessment of breakthrough head experiments 
The investigation on water flow through geotextiles in this study started with 
some of the trial tests with the apparatus used in Hemingway (2013) as 
shown in Figure 3.5. This apparatus was developed through considering all 
the aspects discussed above and aiming to build the strengths into a single 
unit. The decision to adopt a steel frame was essential to overcome the 
problem with the use of symmetrical Perspex by Hemingway (2012) where 
repeated experimentation caused the material to fracture in between the 
clamp flange (Figure 3.4).  
 
 
Figure 3.5.Breakthrough test apparatus used in Hemingway (2013). 
 
The aim of the test was to determine the water flow through a 
geotextiles/geocomposite drain at different soil-geotextiles/geocomposite 
drain profiles under constant-head conditions. The flow of water through a 
single layer of geotextile/geocomposite drain and soil-geotextile/ 
 
 
   98 
 
Chapter 3 
geocomposite drain normal to the plane of the geotextile is measured under 
specified conditions.  
The apparatus used consists of two distinct elements: the sample casing and 
the low-head application.  The outcome from the experiment was an 
evaluation and understanding of the breakthrough and the performance of 
geotextile materials when subjected to water flow (i.e. simulated rainfall).  
Four different types of non-woven geotextiles with different thicknesses (in 
between 2mm to 5mm) were used to provide a comparative performance 
under low-head conditions as a trial test. Also, four different particle sizes of 
sand (in between 2mm – 425μm) were used. The results from the experiment 
are not discussed in this thesis. They were used for trial purposes only.  
However, based on the trial test experience there are some limitations in 
conducting tests using this breakthrough test apparatus. First, the water flow 
in the soil-geotextile profile cannot be seen because of the wall of the 
apparatus. The decision to upgrade the apparatus using a glass column was 
made. Therefore, the flow of water and the breakthrough event can be seen 
more clearly. In addition, a scale was placed under the entire apparatus to 
facilitate the process of water content monitoring. It was decided that the 
small soil-column apparatus should be used for the infiltration test. The 
details about this new apparatus will be discussed in the next paragraph. 
3.5 Infiltration test of a soil-column 
Laboratory testing on the breakthrough between soil and a geocomposite 
drain continued by conducting the infiltration tests using a small soil column. 
The apparatus was designed to allow the observation of the Capillary 
Related Interface Breakthrough (CRIB) where the interaction processes allow 
a flow into the geocomposite drainage core in-between the soil-geotextile 
interface which represents the transition of the soil/geotextile interface from a 
hydraulically non-conductive to a conductive state. These complex conditions 
for commonly available geocomposite drainage materials in contact with fine 
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grained soils consider the implications of water held above such interfaces on 
soil softening. Details discussion on CRIB explained in Section 2.5.1. 
3.5.1 Small soil column test apparatus 
The columns were designed to model a geocomposite drainage system as 
part of a landfill cover system. A soil column apparatus similar in concept to 
that proposed by Thompson (2009) has been used in this work. The column 
(Figure 3.6) comprises a transparent tube of 115mm inside diameter and 
300mm tall, with a separate flange tube fitted at the base, with a gravel drain 
layer to allow support of the geocomposite drain and to allow compaction of 
the soil above. A transparent tube was chosen to allow visual monitoring of 
the progression of infiltration flow as well as the formation of a head above 
the drainage layer to monitor breakthrough/capillary break development.  
3.5.2 Testing procedure  
The infiltration test using small column test procedure includes the 
preparation of the material are discussed in the section. The installed profile 
consists of a geocomposite drainage layer underneath a layer of low 
plasticity clay. Figure 3.7 showed the soil profile in column apparatus for 
each test. The geocomposite drain was cut into a circular shape with 
diameter slightly greater than the column diameter to avoid direct soil 
migration and to control water flow from the edges of the column.  The core 
of the material is cut slightly smaller than the tube, so the water flows through 
the geotextile into the core and then can drain freely to the gravel below. The 
water was flow through the soil profile (i.e. soil lumps) slowly until arrived to 
the geotextile surface. Flow may occur around the edge of GD through the 
side of glass wall. But the flange was seal with glue and dried before the 
testing to start.  
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Figure 3.6.Schematic view and photograph of small soil column apparatus setup. 
 
Figure 3.7.The soil-GD profile in column apparatus schematic for each test. 
 
The soil was placed into the column in 60mm lifts (due to suitability of the 
small column apparatus) and lightly compacted using a steel rod. The soil is 
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compacted in three layers (i.e. 20mm height of each layer) with 10 of blows 
for each layer to provide light compaction to the soil profile. The soil (i.e. 
Mercia Mudstone) initially had a water content of 12%. The initial water 
content is chosen based on the OMC value for light compaction soil testing 
(refer to Section 4.2.2). To simulate rainfall on the layer, a single spray 
nozzle was mounted above the sample as shown in Figure 3.6. The whole 
apparatus was mounted on a set of scales to monitor the change in mass of 
the column, to allow monitoring of the water content and drainage outflow 
through the tests. The test procedure involved spraying water on the soil 
layer and monitoring changes in water content with time as the water 
infiltrated through the soil layer to the geocomposite drain. The water was 
sprayed over the top of the soil layer until a 20mm height of water was 
present above the soil surface to simulate an extreme rainfall event or to 
stimulate surface recharge of soil mass due to infiltration of ponded water.  
The weight of column included soil (with initial water content), column base 
and GD was taken before start spraying the water on the soil surface. Then, 
the measurement of column is taken at every hour to monitor the mass of 
water in soil profile. The comparison between mass of water before and after 
testing will gives the weight of water in soil due to infiltration event. The 
calculation of mass of water using weight-volume relationship was discussed 
(Figure 3.8).  
The starting time of the experiment was noted. Testing was completed when 
outflow occurred from the soil column via the drain or after 24 hours where 
no water drained. Any outflow was collected in a tray under the apparatus 
and the total outflow volume was recorded.  Experiments were conducted for 
a total duration of 24 hours due to suitability of small size apparatus and 
short-term of testing. At the end of the test, the soil sample was sampled to 
measure water content and shears strength (using a shear vane apparatus) 
at locations above the geotextile/soil surface. The methods of work on the 
shear vane test on the soil are explained in the further Section 3.7.2. Details 
of soil-column testing conditions are summarized in Table 3.2. 
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Table 3.2. Details of infiltration test using soil column apparatus. 
Test 
Geocomposite 
drain  
thickness 
Soil layer 
thickness 
Soil 
Bulk 
density 
Initial 
water 
content 
Final 
water 
content 
Spray 
rate 
           (mm) (mm) (g/cm3) (%) (%) (ml/s) 
1 6.1 60 1.36 12 34.3 2.714 
2 6.1 60 1.36 12 35.5 2.714 
3 6.1 60 1.36 12 37.4 2.714 
4 4.6 60 1.36 12 35.5 2.714 
5 4.6 60 1.36 12 37.2 2.714 
6 4.6 60 1.36 12 38.9 2.714 
 
The column test results analysis are based on testing stages 1, 2a, 2b, 3 and 
4 which are illustrated in Figure 3.8. The total weight and volume of solid, 
water and air in soil is calculated based on the three-phase weight-volume 
relationships. The three-phase weight-volume relationships shown in the soil 
at each stage. Stage 1 is at the start of testing before water is sprayed on the 
soil surface layer. Stage 2a is where water is added until a 20mm head is 
achieved above the soil. The water level reduced due to water starts to fill up 
in between soil lumps. The water was added to sustain the water level above 
the soil profile (at 20mm). The mass of water in soil at this stage included the 
initial water content and water that fill up the gap between soil lumps. Stage 
2b, is before breakthrough occurs through the geotextile or after a 24-hour 
period without breakthrough during which water is soaking into the soil and 
the 20mm head is maintained. At this stage, mass of water in soil measured 
after breakthrough occurred or after a 24-hour period without breakthrough. 
Mass of water in soil at this stage included the initial water content, water that 
fill up the gap between soil lumps and if any additional water added to 
maintain the level of water above the soil surface.  
Stage 3 is after breakthrough when water flows out the drain, or if no flow 
occurs after 24 hours. During Stage 3, no further water is added. If 
breakthrough occurred, the measurement of column is taken after the water 
flows out of the drain stop. If no breakthrough, the measurement of column is 
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taken after the water above the soil surface is flushed out through the hole at 
the side of the column (covered using rubber bung).  
In Stage 4, the soil has been oven-dried after testing to assess the changes 
in water content. Mass of solid is measured after the oven dried process. 
From the weight-volume relationship, the percentage of water in soil can be 
calculated and the relationship between times of testing can be plotted. 
Further details on the results is discussed in Chapter 4.3.  
 
(a) 
(b) 
Figure 3.8.Three-phase diagram relationship in the soil at each stage in infiltration using soil 
column testing; (a) Stage 1; (b) Stage 2a & 2b; (c) Stage 3; (d) Stage 4 (Continue) 
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(c) 
 
 
 
(d) 
 
Figure 3.8.Three-phase diagram relationship in the soil at each stage in infiltration using soil 
column testing; (a) Stage 1; (b) Stage 2a & 2b; (c) Stage 3; (d) Stage 4.  
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3.6 Interface shear strength test using a large direct shear 
apparatus (DSA)  
Interface shear strength for the soil-geocomposite drain test was measured 
using the DSA. This apparatus essentially consists of a plane between top 
and lower blocks which is sheared at a constant rate and the shear force is 
recorded. In standard shear box tests, these blocks are filled with soil, but 
modified shear box tests consisting of soil and geosynthetic, or two 
geosynthetics can be performed. It is of significant importance to use site-
specific parameters in the design process. It was decided to use the large 
DSA for this study because it is currently the industry standard device for 
measuring geosynthetic interface shear strength. 
The interface shear strength was measured at the geotechnical engineering 
laboratory of Loughborough University using a large DSA manufactured by 
Durham Geo (USA) (Brainard-Kilman Model LG116). The apparatus 
comprised a 300mm square top box plan area and 300 x 400mm lower box 
in accordance with national test standards (e.g. BS 1377-7:1990, ASTM 
D5321/D5321M-14). The test was carried out at a controlled temperature 
(21o ± 2o) in the laboratory. This apparatus can be used for testing at normal 
stresses between 5kPa and 600kPa applied perpendicular to the sliding 
surface. The apparatus is capable of a maximum shear displacement of 
102mm. A photo of this device is shown in Figure 3.9. 
The lower box is kept fixed while the top is allowed to travel horizontally 
under the application of a shear force. Vertical and horizontal displacements 
are monitored using two Linear Variable Differential Transformers (LVDT). 
The horizontal load required to maintain the chosen shearing rate is 
measured by a load cell and displayed on digital transducer readout. To 
enable a continuous record of the test, a personal computer is used to log the 
data. The device provides a 305mm x 305mm shear zone for determining the 
interface friction characteristics of geosynthetic/geosynthetic or 
geosynthetic/soil interfaces and is commonly used for performance tests.  
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Figure 3.9.Photograph of large direct shear apparatus (DSA). 
 
Prior to its use in interface shear testing, the direct shear box was calibrated 
to measure the friction between the upper and lower boxes. Such calibration 
was necessary because of the low values of shear stress expected for the 
soil-geocomposite drain interface. The shear stress value corresponding to 
the friction between the upper and the lower boxes was subtracted from the 
measured interface shear stress values to obtain the correct interface shear 
stress values. 
The DSA is specifically designed for soil-geosynthetic interface shear testing 
as well as to include a low normal stress loading system. A photograph of the 
low-stress-loading system is shown in Figure 3.10.  For this study, normal 
stress was applied using a loading system reacting against the body of the 
shear device and acting through the top box. The applied normal stress on 
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top of the sample is kept constant and can be controlled through the pressure 
system and recorded throughout each test.  
 
Figure 3.10.Low normal stress for loading system on DSA. 
3.6.1 Testing programme 
In order to examine the possible mechanism of interface strength reduction 
due to soil softening at the interface conditions, a testing programme was 
designed to determine the interface shear strength parameters for a range of 
soil water content conditions representing potential on-site conditions.  
The testing programme was established based on the Ellithy and Gabr (2000) 
and Ivsic et al. (2005) interface shear testing behaviour of landfill lining 
system but has been modified based on the suitability of this study. The soil 
specimen testing conditions utilized in this study can be described as: 
I. An as-compacted state (as a reference state) and   
II. Soaked conditions (as a possible state after in-service wetting). 
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Series I - As-compacted conditions were chosen to simulate compacting the 
clay specimen at a range of water contents using light compaction, and then 
shearing the soil/geotextile system at the original compacted water content. 
Four compaction water contents were tested; 10%, 15%, 20% and 25% 
where the OMC of light compaction of the soil is 12%.  
 
This water content are chosen to cover the possible range of water content in 
cover soil throughout the life time of landfill after closure (i.e. dry of optimum 
and wet of optimum) based on the soil properties used in laboratory.  Normal 
stress (i.e. 10 kPa) was applied to the samples for 30 minutes before the 
interfaces were sheared to allow the interfaces to seat into each other. A total 
of 36 tests were carried out with normal pressures of 10 to 30kPa. A 
schematic shown in Figure 3.11 (a) represents the as-compacted soil 
preparation condition in the DSA. 
Series II - The soaked condition clay specimen was prepared using the same 
compaction method as above with 12% water content (OMC of light 
compaction soil) and dry density is 1.33Mg/m3 , then flooded with tap water 
and left to soak at the interface for 24 hours, with normal pressures of 10kPa 
applied to avoid soil swelling (Fishman and Pal 1994) . The soaked condition 
of the soil sample in the DSA is shown in Figure 3.11 (b). During soaking, the 
water level was maintained above the clay/GD interface by adding water as 
required.   
At this phase, wetting and softening of the clay at and above the interface 
with the geotextile occurred as water can enter the drain through geotextile 
fabric. These soaked conditions aimed to represent the possible situation of a 
landfill soil cover layer after wetting (e.g. rainfall) and to replicate the soil 
softening effect at the interface due to capillary break behaviour or water 
build-up from toe position until the geocomposite drain level of landfill cover 
system. The shearing rate of 1mm/minute producing undrained conditions 
was used as recommendation in the above mentioned standard (BS 1377-
7:1990, ASTM D5321/D5321M-14) was followed. The shearing rate is 
chosen so that there was no time for excess pore water pressure to dissipate 
such that no volume changes could occur and hence the moisture contents 
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would not change during shearing. A total of 9 tests took place in this series 
with normal pressures of 10 to 30 kPa.  
 
 
Figure 3.11.DSA testing preparation condition (a) As-compacted condition (b) Soaked 
conditions 
 
Table 3.3 shows the details of the interface shear strength test for both 
conditions. 
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Table 3.3.Details of the interface shear strength testing plan (As-compacted and soaked 
conditions). 
Test Test conditions 
Normal load 
(kPa) 
Soil water content (%) 
10% 15% 20% 25% 
10 20 30 10 15 20 25 
T1 
As-
compacted 
3 x     x       
T2   3 x   x       
T3     3 x x       
T4 
As-
compacted 
3 x       x     
T5   3 x     x     
T6     3 x   x     
T7 
As-
compacted 
3 x         x   
T8   3 x       x   
T9     3 x     x   
T10 
As-
compacted 
3 x           x 
T11   3 x         x 
T12     3 x       x 
T13 
Soaked 
3 x     x      
T14   3 x   x      
T15     3 x x      
3.6.2 Interface shear strength testing procedure 
Direct shear testing using DSA was carried out on the clay-GD interface with 
series I and II conditions of sample preparation. Each test series was 
performed under three normal stresses of 10, 20 and 30kPa and repeated 
three times. This range is representative of the range of normal stresses 
commonly encountered in landfill cover systems corresponding to a cover 
system height of 0.5 to 1.5m (Refer to Section 2.4.1). Figure 3.12 shows a 
step-by-step illustration of the interface shear strength test on soil-
geocomposite drain setup. 
The geocomposite samples were cut into 350 x 450mm rectangles for testing. 
The geosynthetic should be cut a little wider than the top box and loading 
platen to get a better grip while shearing (Orebowale 2006).The 
geocomposite drain used was cut in the roll direction and holes were 
punched for clamping.  The geocomposite drain was placed on top of the 
lower box and clamped to the back of the testing device and secured by a 
spacebar (Figure 3.12a)). Blumel and Stoewahse (1998) emphasise the 
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importance of the method of fixation of the geotextile to the rigid support. 
Insufficient fixation gave shear stress vs. displacement curves that did not 
have a peak value due to stretching of the geotextile.  
 
 
Figure 3.12.Step by step DSA testing on soil-geocomposite drain interface. 
 
Stretching of the geosynthetic is prevented by using a roughened block on 
top of the spacers in the lower box and a spacer bar along the clamp to 
further secure the geosynthetic. The cloth-backed sand paper was glued onto 
the wood block to secure the gripping surface of the geosynthetic. Gripping 
surfaces must develop sufficient shear resistance to prevent non-uniform 
displacement of the geosynthetic and adjacent geosynthetics. The rough 
surfaces must be able to prevent slip between the geosynthetic and the 
gripping surface to prevent tensile failure in the geosynthetic. The gripping 
surface must also be able to completely transfer the applied shear force into 
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the geosynthetic. The gripping surface must not damage the geosynthetic 
and should not influence its shear strength behaviour.  
In the fixed top box, the gap between the top and bottom boxes must be set 
prior to shearing. Various testing standards recommend different gap sizes. 
(e.g. ASTM D5321/D5321M-14, BS EN ISO 12957-1:2005, ISO/TS 17892-
10:2004). Selection of a suitable gap size is crucial especially when soils are 
part of the interface. A big gap size might encourage significant extrusion of 
the soil during shearing and may also increase the effects of side friction 
losses in the top box. The gap size must be sufficiently small so that no soil 
particles can migrate out of the box. Bamben and Schulze (1998) compared 
the peak and residual stress ratios in between two geomembranes and two 
sands with a sand/geomembrane set-up. The smallest gap size (3.7 mm) 
between the top and bottom boxes gave the highest peak stress ratio and the 
largest gap (7.6 mm) produced the lowest. The results clearly demonstrate 
that the gap size has a significant effect on measuring the interface shear 
strength of soil-geosynthetic.  
A 6 kg of Mercia Mudstone clay used in each test was mixed with 10%, 15%, 
20% and 25% as the initial water contents, as described in above section, 
and placed into the upper half of the shear box immediately over the 
geocomposite drain surface. This amount of soil was required to create a 45 
to 50mm thick layer in the upper box. Stoewahse (2000) suggests a fine-
grained sample thickness of the soil layer in the top box of at least 30mm.   
The soil was then compacted using light compaction method to achieve 
nominally the same initial conditions with respect to their dry unit weight (1.3 
to 1.5 Mg/m3) and water content. The soil is compacted in three separate 
layers (i.e. 20mm height of each layer) with 16 of blows for each layer to 
provide light compaction to the soil profile. The light compaction soil sample 
prepared in the DSA (Figure 3.12(b)) is to replicate the same conditions as 
the cover soil in a landfill capping system on-site. The construction of the 
cover soil is very straightforward, only needing nominal compaction to 
optimize the ease with which vegetation can grow. The loading plate placed 
above the soil (Figure 3.12(c)) and the other loading plate attached with a 
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handle, together with the ball bearing, covered the whole box (Figure 3.12(d)). 
After this, the low normal stress loading system was installed on the soil 
sample. Normal stress (i.e. 10 kPa) was applied for 30 minutes before the 
interfaces were sheared to assure the loading applied equally on the soil 
before starts to shear see Figure 3.12(e).  
Once the maximum displacement of around 80mm was achieved, the soil 
was carefully removed from the top box and the geosynthetic sample 
unclamped. Once the geocomposite drain had been removed the failure 
surface was inspected and any stretching or damage to the geosynthetic 
materials recorded. The water content of the clay was checked after each 
test to measure the change in water content at the interface due to soaking 
behaviour by taking and oven-drying the sample.  One operator (the Author) 
carried out all the tests. The results of the shear strength tests using the DSA 
performed on a soil-geocomposite drain interface for Series I and ll are 
presented and described in Section 4.4 and Section 5.2.2. For each interface 
shear test, the mobilised shear stresses are plotted against displacement. 
These show how quickly the peak and residual (i.e. large displacement) 
shear strengths are reached and also whether the interface is strain-
softening. The slope of this envelope is often presented as an angle and 
commonly used as the desired friction angle value for design purposes.  
It should be noted that, while the approach taken in this study may not 
perfectly replicate the stress conditions in the field, the purpose of the study 
was to investigate the soil softening issue due to capillary break behaviour on 
the soil-geocomposite drain interface rather than to carry out standard testing.  
3.7 Shear vane test on differently prepared soil samples  
The shear vane test is a portable instrument for the determination of the in-
situ shear strength of cohesive soils, either on-site or on undisturbed samples 
in the laboratory. In this study, the shear vane test was used to measure the 
shear strength of differently prepared soil samples, including the standard 
soil compaction test and light compaction soil sample, in infiltration tests 
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using a soil column and interface shear strength tests (i.e. as-compacted and 
soaked condition) using DSA.  
3.7.1 Hand shear vane apparatus 
The instrument comprises a vane tester head with a direct reading scale 
which is turned by hand and a non-return pointer indicated the reading with 
extension rods. The maximum length of the extension rods that can be used 
in practice without bending is about 3 to 4 m for stiff soils and 4 to 5 m for 
medium strength soils. Figure 3.13 shows a photograph of the shear vane 
apparatus used in this study. The standard size vane blade is 19mm 
diameter by 29mm high including the shaft with a thread for connecting 
directly to the vane head or extension rods.  An alternative blade size (33mm 
diameter) is for softer materials. There is a carrying case complete with two 
spanners for disconnecting the vane blades and an adaptor to connect 
extension rods to the vane head.  
 
 
Figure 3.13.Shear vane apparatus. 
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3.7.2 Shear vane testing procedure 
The procedure for the vane shear test is described in BS 1377-7: 1990. The 
soil type to be tested needs to be checked to see if it is either cohesive soil or 
suitable for the shear vane test. The vane head and blade must both be 
clean and dry. The pointer should be free to move without sticking at any 
position on the head. The vane rods should be securely screwed into the 
vane test head.  
The test involves pushing a four-bladed vane with care into a soil preparation 
layer and slowly rotating it from the surface at a standard of 0.1 degrees per 
second while measuring the resisting torque. The pointer on the head was 
turned to the zero reading before starting the test.  When the soil shears, the 
force on the torsion device is released and the pointer indicates the 
maximum deflection. The maximum reading is then recorded to the nearest 
unit from the scale on the vane head appropriate to the blade size. Using the 
calibration factor shown on the vane head allows the reading on the vane to 
be converted to the shear strength.  
The peak torque which develops is related to the peak shear strength on a 
cylindrical failure surface by a constant, which is a function of the shape and 
dimensions of the vane. After resetting the scale to zero, the testing should 
be repeated in different locations on the soil preparation but in a similar depth 
of soil.  
In the infiltration test using a soil-column, a 33mm diameter vane size is used 
to measure the shear strength of the soil preparation before and after the 
testing. The different shear strengths will be compared (i.e. dry and after 
wetting) to measure the effect of infiltration on the soil above a geocomposite 
drain. Figure 3.14 shows the measurements taken using the shear vane 
apparatus on the soil sample preparation for each test.  
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Figure 3.14.Shear vane test on the infiltration using soil column soil apparatus sample. 
 
The vane was pushed into the soil layer above the geocomposite drain and 
the vane head slowly twisted. The same method as explained above was 
followed to get the measurement of shear strength. The same procedure was 
repeated when testing the next soil sample. Only two measurements can be 
made on each soil column sample preparation due to the smaller diameter of 
the column.  
The measurement of shear strength for soil preparation in the DSA was 
taken after the shearing event. Figure 3.15 shows the apparatus 
measurement using the shear vane apparatus on the soil sample preparation. 
The shear strength was measured for the as-compacted soil sample to get 
the rough value on each soil sample caused by different water contents in the 
soils. For a soaked condition, the measurement was taken to compare the 
shear strength of soil with the effect of soil softening at the interface due to 
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wetting conditions. A 33mm diameter vane was used and forced into the clay 
layer on the upper box of the DSA at three different positions.  Each series of 
as-compacted and soaked soil conditions was measured.  
 
 
Figure 3.15.Shear vane test on the interface shear strength test using DSA soil sample. 
 
The vane shear strength test was also conducted for the Mercia mudstone 
soil preparation for the standard compaction test. The measurements were 
for reference state purposes. In the standard compaction test, soil samples 
were tested under different water contents (10%, 12%, 14%, 16% and 20%). 
Each soil sample was tested using the 19mm diameter vane size. The shear 
strength measured at the three different positions on the soil sample at 
similar depth is shown in Figure 3.16 to get the average reading. 
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Figure 3.16.Shear strength measurements on the standard compaction test soil sample. 
The vane test has been useful in characterizing the in-situ behaviour of the 
soil profile. The hand shear vane measurement is probably one of the 
quickest ways to get the soil strength reading. But the measurement is not 
the most accurate. By pushing the shear vane into the soil profile, the soil is 
altered affect the soil shear reading. However, this will only change the soil in 
a minor way, but it could still have some influence on the strengths measured. 
The influence on rate of vane rotation also may give overestimated results 
(Perez-Foguet et al. 1998). 
3.8 Field measurement works at Bletchley landfill site 
The section explains the method of works for field measurement on water 
content and in-situ shear strength of landfill cover at Bletchley landfill. The 
field data performance are very important in a research study as it is clear 
that it is difficult to represent in situ site conditions in laboratory scale studies. 
Materials on-site are exposed to the environment, various atmospheric 
conditions, soil erosion processes and others. Also, data from field 
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monitoring can help to understand the mechanism of observed behaviour to 
allow a greater understanding of the structure and performance of materials.  
The field work was a later opportunity and could not be used to inform the 
selection of soil and geosynthetic drain materials in the laboratory 
programme. The objective of fieldwork measurement in this study is to 
measure the range of soil water content conditions in landfill cover soil layer 
above different types of geosynthetic drainage materials installed on the 
landfill cover trial site and focus on the water content at the soil-geosynthetic 
interface. In addition, the in-situ undrained shear strength of the cover soil 
layer at different heights above geosynthetic drainage has been measured 
using a vane shear apparatus. Figure 3.17 show the main stages of field 
measurement work at Bletchley. The field monitoring results on the effect of 
soil water content or any soil softening behaviour on the cover soil layer 
above a geosynthetic drain on the soil-geosynthetic interface shear strength 
will be discussed in Section 4.6.3.  
 
Figure 3.17.The main stages of field measurement work on landfill cover trial site at 
Bletchley. 
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3.8.1 Bletchley landfill cover system 
The landfill cover system used is an experimental capping that was built in 
autumn 2011 at Bletchley landfill situated near Milton Keynes, UK (marker in 
Figure 3.18) by Zamara (2013). The landfill site is currently an active landfill 
but the study was carried out on the newly-built trial cap of a recently closed 
cell.  
 
Figure 3.18.Location of the landfill trial site (Google maps 2015). 
 
The thickness of the topsoil over the geosynthetic drains materials was on 
average 40cm (Figure 3.19). The length of panel on the monitored slope 
section was 40m and the width of each panel was 6m. The average 
inclination of the slope was 7.2o (1v:8h). The landfill cover trial set plots were 
constructed on a low permeability of compacted clay layer of 1m average in 
thickness. The minimum thickness of the cover soil often 0.5 to 1 m, and is 
sufficiently deep for root penetration (SEPA 2003, Environment Agency 
2014b). The topsoil overlying the geosynthetic drains used initially comprised 
of the soil available on the site and considered to be as low permeability i.e. 
silty sand (Zamara et al. 2012). The topsoil layer/restoration soil is usually 
excavated from the site, or a nearby borrow area to minimize operational 
costs and the quality of soil quite low (Zamara 2013, Ferreira et al. 2015).  
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Figure 3.19.Bletchley landfill cover trial site (Zamara 2013). 
 
Three different types of geosynthetic drainage (i.e. Geocomposite drain 
(FCf6), non-woven geotextile with needle punched (HPS5) and a 
Geocomposite with band drains (GPT5)) were installed underneath the top 
soil layer. A panel without a drainage layer is used as a control purposes. 
The geosynthetic drainage was installed within the lower sections of the 
constructed cap.  
The geocomposite drain (i.e. Pozidrain) used in the laboratory testing is 
different from the field site geocomposite drain materials (i.e. from Geofabric 
manufacturing company). As the field measurement work is a later 
opportunity and thus could not be used to inform the selection of materials for 
the laboratory testing programme.  
An overall review of the instrumentation installed on the landfill cover trial site 
is shown in Figure 3.20. The instrumentation installed on the site by the 
previous study consisted of a weather station, a gauge monitoring surface 
runoff, standpipe piezometers, volumetric water content (vmc) sensors and a 
system monitoring the water outflow from the drainage layer (Zamara et al. 
2012). Additionally, piezometers were installed in the middle and lower 
sections of the slope. However, some of the instrumentation (i.e. weather 
station, vmc sensor, gauge monitoring surface runoff, system monitoring the 
water outflow) has been removed from the test panel during the field 
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measurement work for this study. In this study, the 20m below the crest is 
namely the middle position and 38m below crest is namely the toe position 
Details on the instrumentation and measurement can be referred in Zamara’s 
thesis (2013). 
 
Figure 3.20.The schematic location of the measuring instrumentation (standpipe piezometer 
and VWC) at Bletchley landfill cover trial site (Zamara et al. 2012). 
 
The following are a summary of the fieldwork instruments and parameters 
measured by Zamara (2013). Volumetric water content sensors were 
installed to monitor moisture change within the cover soil. At each monitored 
section (geosynthetic drains), volumetric water content sensors were placed 
at the middle and toe position (20m and 38m down slope from the top edge 
of the geocomposite panels) at various depths that were determined by the 
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thickness of the soil at the particular location. The schematic locations of the 
volumetric water content sensors within the soil layer are shown in Figure 
3.21. 
 
Figure 3.21.Schematic location of volumetric water content (vmc) sensors within the soil 
layer (Zamara 2013).  
Standpipe piezometers were installed at the 20m below the crest (middle 
position) and 38m below crest of the slope (toe position) to measure pore 
water pressures corresponding to the locations of vmc sensors. Additionally, 
for the geosynthetic drainage panel with band drain material, pairs of 
standpipes were installed at two locations, above the band drain elements 
and in the middle of the geotextile section between the two band drains. 
Figure 3.22 shows the schematic location of the standpipe piezometers for all 
geosynthetic drainage.  
A system monitoring the water outflow from the drainage layers (i.e. a system 
of pipes of 100mm diameter) was installed along the lower edge of each 
drainage material panel to collect the outflow from the drainage layer. The 
water flowed into a tank installed 5m below the lower edge of each drainage 
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material panel. The manual measurements of flow were taken during each 
site visit. Due to uncertain weather conditions, it was challenging to collect 
comprehensive data on drainage outflow.  
 
Figure 3.22.Schematic location of the measuring instrument (standpipe piezometer) 
(Zamara 2013). 
The main finding on the field monitoring work by Zamara (2013) and 
Sąsiadek (2012) discussed in the next section. The same trial site will be 
used in this study to measure of the water content and in-situ shear strength 
of the cover soil layer above a geosynthetic drains in a landfill capping 
system. The methodology of work in the field measurement of this study is 
explained in Section 3.8.2. The discussion on the effects of the soil softening 
on the interface shear strength of cover soil related to the stability of the 
landfill cover system on this study and previous study will be explained in 
details in Section 5.2.3.  
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3.8.2 Methods used for field measurement works 
In order to examine the possible mechanism of soil-geosynthetic interface 
strength reduction due to cover soil wetting and softening behaviour, field 
measurement works were proposed. In this study, the same landfill cover 
system trial site panel used in Zamara (2013) was used. The details on the 
instrumentation and trial panel position from previous study are explained in 
Section 2.8.  
The cover soil samples were tested for several soil properties. The Atterberg 
limits tests were obtained by a cone penetrometer test for the Liquid Limit (LL) 
and the rolled thread for the Plastic Limit (PL) (BS EN ISO 17892-2 (2014)). 
The standard compaction tests were required to determine the optimum 
moisture content and maximum dry density of the soil samples. The 
laboratory compaction tests were conducted on the soil sample, as described 
in BS1377-4:1990, using the 2.5 kg rammer. The results of the soil properties 
will be discussed in Section 4.6.1. 
3.8.3 Water content and shear strength measurement of cover soil layer 
above geosynthetic drains/ compacted clay layer (CCL).  
The water content and shear strength of the cover soil layer above 
geosynthetic drains at different height was measured. The objective of the 
measurement is to compare the different percentage water contents and 
undrained shear strength of the cover soil layer at different height above the 
geosynthetic drains/CCL. The performance of water content in the cover soil 
layer related to the soil softening at the interface and shear strength of cover 
soil layer above geosynthetic drainage/CCL are discussed in details in 
Section 4.6.3.2.  
The soil samples taken from the panels at different height of cover soil layer 
above each of the geosynthetic drain materials/CCL were tested in the 
laboratory. The percentage water content of the cover soil layer was 
measured. Details of the cover soil layer sampling position are explained in 
 
 
   126 
 
Chapter 3 
Table 3.4 and Figure 3.23. Panel 1 represents the panel with the cuspated 
core geocomposite, Panel 2 is the panel without geosynthetic drainage 
material, Panel 3 consist of non-woven needle punched geotextile, and Panel 
4 with the geocomposite with band drains. Panel 4 consists of two different 
sides of geosynthetic drain, one with a band drain and the other without any 
band drain. In total, 32 soil samples from all positions of trial panels were 
taken from the site and placed in the airtight container to bring back to the 
laboratory for water content measurement.  
Figure 3.23 shows the schematic location of the soil sample taken within the 
cover soil layer above geosynthetic drains/CCL for each panel. As stated in 
Table 3.4, the soil samples are taken at two different positions, 0.025 m 
(immediate above interface) and 0.2 m (mid height of the cover soil) above 
geosynthetic drains/CCL for each panel from toe to the middle position.  
 
 
Figure 3.23 Schematic location of soil sample taken for water content measurement on the 
cover soil layer above geosynthetic drains/CCL.  
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Table 3.4.The soil sampling position on the landfill cover soil layer above geosynthetic 
drains/CCL and the position from toe for Panels 1, 2, 3 and 4. 
Panel 
Position from toe of 
panel (m) 
Height of cover soil layer 
above geosynthetic 
drains/CCL (m) 
0 5 10 20 
Immediate 
above 
interface 
(0.025) 
Mid height of 
the cover 
soil (0.20) 
1 / / / / / / 
2 / / / / / / 
3 / / / / / / 
4 (with band 
drain) /  / / / 
4 (with no band 
drain) /  /  / / 
 
Figure 3.24 shows photographs for Panel 1 at each hole for which a sample 
was taken with plan and side views at each panel position from the toe.   
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Figure 3.24.Panel 1 of landfill cover trial site (a) Plan view, 0m from toe (b) Side view, 0m 
from toe (c) Plan view, 5m from toe (d) Side view, 5m from toe (e) Plan view, 10m from toe (f) 
Side view, 10m from toe (g) Plan view, 20m from toe (h) Side view, 20m from toe. 
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Figure 3.25 shows photographs for Panel 2 at each hole for which a sample 
was taken with plan and side views at each panel position from the toe.   
 
Figure 3.25.Panel 2 of landfill cover trial site (a) Plan view, 0m from toe (b) Side view, 0m 
from toe (c) Plan view, 5m from toe (d) Side view, 5m from toe (e) Plan view, 10m from toe (f) 
Side view, 10m from toe (g) Plan view, 20m from toe, (h) Side view, 20m from toe. 
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Figure 3.26 shows photographs for Panel 3 at each hole for which a sample 
was taken with plan and side views at each panel position from the toe.   
 
Figure 3.26.Panel 3 of landfill cover trial site (a) Plan view, 0m from toe (b) Side view, 0m 
from toe (c) Plan view, 5m from toe (d) Side view, 5m from toe (e) Plan view, 10m from toe (f) 
Side view, 10m from toe (g) Plan view, 20m from toe, (h) Side view, 20m from toe. 
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Figure 3.27 shows photographs for Panel 4, geocomposite with band drain 
side and no band drain side at each hole for which a sample was taken with 
plan view. As Panel 4 consisted of two different sides, it is very important to 
measure the water content and shear strength of cover soil layer above both 
sides to compare the different performance. As the side of geocomposite with 
no band drain have similar material as Panel 3 (non-woven geotextile), the 
comparison on the cover soil performance can be discussed.  
 
 
Figure 3.27.Panel 4 landfill cover trial site consisted of geocomposite with band drain side 
and no band drain side plan view. 
 
Figure 3.28 shows photographs for Panel 4, geocomposite with band drain 
side at each hole for which a sample was taken with plan and side views at 
each panel position from the toe.   
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Figure 3.28.Panel 4 geocomposite with band drain side of landfill cover trial site (a) Plan 
view, 0m from toe (b) Side view, 0m from toe (c) Plan view, 10m from toe (d) Side view, 10m 
from toe. 
 
Figure 3.29 shows photographs for Panel 4, geocomposite with no band 
drain side at each hole for which a sample was taken with plan and side 
views at each panel position from the toe.   
The in-situ shear strength of the cover soil layer above the geosynthetic 
drains/CCL for each panel was measured using the shear vane apparatus. 
The in-situ shear strength of cover soil layer of each panel was measured 
with vane in vertical orientation to measure shear strength on a cylindrical 
plane and the vane orientated horizontally to measure soil immediately above 
the geosynthetic drain. The undrained shear strength of cover soil measured 
with vane in vertical orientation at two different heights: an immediate above 
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interface of the cover soil (0.05m above the geosynthetic drain) and the mid 
height of the cover soil (0.2m above the geosynthetic drain). The undrained 
shear strength of cover soil measured with vane in horizontal orientation at 
immediate above interface (0.025m height above the geosynthetic drain). 
The total of twenty eight (28) vertical orientations and fourteen (14) horizontal 
orientations shear strength measurements were taken for each panel at 
different positions. The detailed positions of the measurements for the trial 
site of cover soil of each panel are shown in Table 3.5. A schematic showing 
the location of the measurements on the cover soil layer is given in Figure 
3.30. 
 
 
Figure 3.29.Panel 4 geocomposite with no band drain side of landfill cover trial site (a) Plan 
view, 0m from toe (b) Side view, 0m from toe (c) Plan view, 10m from toe (d) Side view, 10m 
from toe. 
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Table 3.5.The in-situ shear strength testing position on the landfill cover soil layer above 
geosynthetic drains/CCL (vertical and horizontal orientations) and the position from toe for 
Panels 1, 2, 3 and 4. 
Panel 
Position from toe of 
panel (m) 
Height of cover soil above 
geosynthetic drains/CCL (m) 
Vane in vertical 
orientation 
Vane in 
horizontal 
orientation 
0 5 10 20 0.05 0.20 0.025 
1 / / / / / / / 
2 / / / / / / / 
3 / / / / / / / 
4 (with band 
drain) /  / / / / 
4 (with no 
band drain) /  /  / / / 
 
 
 
Figure 3.30 Schematic location of in-situ shear strength measurement on the cover soil layer 
above geosynthetic drains/CCL, in vertical and horizontal orientations. 
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The hand vane apparatus as shown in Figure 3.31 is used in the field 
measurement in this study. This apparatus is designed to measure the 
undrained shear strength, (τu) of the cohesive soils. It consists of a cylindrical 
body containing a stainless steel torsional spring and three interchangeable 
vanes of different sizes. The choice of three different sizes of vanes allows a 
good accuracy of undrained shear strengths to be obtained for a relatively 
wide range (0- 240 kPa). The vane sizes are designed so that: 
 For medium size vane (20 x 40 mm) the τu values are read directly 
from the scale (0- 120 kPa); 
 For the larger vane (25.4 x 50.8mm) readings on the Vernier are to be 
divided by 2 to get τu values (0- 60 kPa); 
 For the smaller vane (16 x 32 mm) readings on the Vernier are to be 
multiplied by 2 to get the τu values (0- 240 kPa).  
 
Figure 3.31.Schematic of hand shear vane apparatus used in field measurement work at 
Bletchley landfill cover site. 
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The appropriate vane size is chosen for the expected strength of the soil to 
be tested. The vane is particularly suitable in soft to medium cohesive soils. 
This apparatus is used for field measurement because it included extra 
extension rods (1m each) to measure in deeper soil. In this field 
measurement work, the smaller vane is used to measure the shear strength 
of cover soil layer at Bletchley. 
The shear strength of cover soil layer with vane in the vertical orientations 
test procedure measurement involves pushing a four-bladed vane into a 
cover soil layer at positions (i.e. immediate above interface at 0.05 m and mid 
height of the covert soil at 0.2m above geosynthetic drain layer of the cover 
soil layer) and slowly rotating it from the surface at a standard of 0.1 degree 
per second while measuring the resisting torque. When the upper part of the 
instrument is turned by its handle an angular displacement is created 
between the two cylindrical parts (upper and lower parts). The value of this 
displacement is proportional to the applied torque. Undrained shear strength 
values are read from the scale etched on the Vernier. As in this case, the 
smaller vane is used, the reading value on the Vernier is to be multiplied by 2 
to get the τu values.  
The shear strength measurement with vane in the horizontal orientation test 
is done by pushing the vane sideways (horizontal) at the position of cover soil 
layer (i.e. immediate above interface at 0.025m above geosynthetic drain 
layer/CCL) and slowly rotating the vane. The reading is taken using the same 
procedure as test with vane in the vertical orientation testing above.  
The complete results on the percentage of water content and shear strength 
of cover soil layer measured above the geosynthetic drain layer/CCL on the 
landfill cover trial site are discussed in Section 4.5. The overall findings 
related to the stability performance of landfill cover systems is discussed in 
detail in Section 5.2.3. 
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3.8.4 Selection of the field measurement data from a previous study 
To determine the correlation of data measured in between field measurement 
results of this study and the previous study by Zamara (2013) using the same 
field trial site, requires a comparison behaviour from the previous data. The 
comparison on behaviour helps to present the relationship between the 
hydraulic regimes measurements on landfill cover in the previous study 
related to the interface shear strength of soil above geosynthetic drains. 
Hence, the stability performance of the landfill cover structure can be 
determined. In addition, the comparison provides the comprehensive picture 
of water flow behaviour in soil cover at certain levels of sensor position above 
geosynthetic drains together with rainfall contribution data. The comparison 
with previous data was also able to relate the soil softening to the capillary 
break and wetting behaviour at the soil-geosynthetic drains interface of a 
landfill cover system.  
In order to understand the soil softening effect at the interface and the effect 
on the stability performance of the cover system, a hypothesis on the 
reanalysis of data from the previous study by Zamara (2013) and Sąsiadek 
(2012) is needed (further discussion in Section 2.8). The relationship 
between field data measurement on the percentage of water content in soil 
behaviour together with rainfall data, pore water pressure level reading, 
drainage outflow and in-situ shear strength of soil above geosynthetic 
drainages at certain levels of soil for each position of the panel help to 
support the discussion of the behaviour. The development of the capillary 
break phenomenon and wetting behaviour at the interface of soil-
geosynthetic drainage in all panels is discussed in detail in Sections 4.6.3.1 
and 4.6.3.2. 
3.9 Summary 
This chapter has presented details of the experimental programs and field 
measurement work planned with descriptions of the equipment used and the 
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characteristics of the materials involved according to the requirements of the 
study being undertaken.  
The laboratory test programs on soil-geocomposite drain interface included 
the infiltration test using the soil-column, the interface shear strength testing 
programmes using large direct shear apparatus and the shear vane test on 
the different of soil preparations testing are explained. In addition, the soil 
properties measurements, including compaction tests and Atterberg limit 
methods, are explained in detailed. Both experimental programme was 
conducted to measure the effect of soil softening at the interface of soil-GD 
due to capillary break and soaked condition.  
The soil-column apparatus was designed to subject elements of 
geocomposite drainage system as part of a landfill cover system to allow the 
observation of the Capillary Related Interface Breakthrough (CRIB) where 
the interaction processes allow a flow into the geocomposite drainage core 
in-between the soil-geotextile interface which represents the transition of the 
soil/geotextile interface from a hydraulically non-conductive to a conductive 
state. 
Interface shear strength for the soil-geocomposite drain test was measured 
using the DSA to examine the possible mechanism of interface strength 
reduction due to soil softening at the interface which representing potential 
on-site conditions by capillary break or water build-up condition.  
The shear vane test was used to measure the shear strength of differently 
prepared soil samples, including the standard soil compaction test and light 
compaction soil sample, in infiltration tests using a soil column and interface 
shear strength tests (i.e. as-compacted and soaked condition) using DSA. 
This allowed the shear strength relationship to be quantified over a range of 
water content in soil. 
The field measurement work on landfill cover system at Bletchley was used 
to compare the performance on the soil softening at the interface of soil-
geocomposite drain related to the interaction mechanism at the interface 
(includes capillary break behaviour and water build up from the toe position 
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of the landfill cover system) and the reduction of soil shear strength at the 
interface that effects the stability performance of landfill cover system.  
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CHAPTER 4 
Research Findings 
4.1 Introduction 
This chapter presents the results and discusses the main trends in measured 
behaviour from the series of laboratory tests and field measurements. Initially, 
the results from the soil classification tests based on the methodology 
presented in Section 3.2.1. The findings from laboratory works on the 
infiltration test using column apparatus and the interface shear strength test 
using large DSA are then presented. Finally, the field data from Bletchley 
landfill are shown. Experimental results from the testing program are 
compared to expected results based on the literature whenever possible. The 
mechanisms that affect the results are discussed in terms of the behaviour of 
the materials and interface (i.e. soil, geocomposite drain) during testing, the 
effects of sample preparation, the test methodologies used and the 
apparatus design. The effect of the soil softening due to capillary break and 
soil soaking behaviour (related to the water build-up behaviour) on the 
interface shear strength of the soil-geocomposite drain system and on the 
overall stability of the landfill cover system are highlighted. 
4.2 The standard soil properties test  
The section initially describes the data from laboratory tests on the Mercia 
Mudstone soil used in the initial laboratory phases of work including 
infiltration using soil column test and the interface shear strength testing 
using DSA. 
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4.2.1 Soil properties 
Soil properties tests on Mercia Mudstone soil are shown in Table 4.1, which 
classifies the material as being of low plasticity clay (CL) according to the 
Casagrande plasticity chart (BS 1377 Part 2:1990).   
Table 4.1: Atterberg Limits for Mercia Mudstone soil material 
Liquid limit 
LL 
(%) 
Plastic limit 
PL 
(%) 
Plasticity Index 
PI 
34 17 17 
4.2.2 Compaction test on Mercia Mudstone Clay 
In the case of Mercia Mudstone soil, two compaction curves were obtained 
using standard compaction and light compaction tests and presented in 
Figure 4.1.  
 
Figure 4.1.Mercia Mudstone soil material - standard and light compaction curves 
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The light compaction test was carried out to replicate the condition of the 
cover soil layer in the landfill capping system on-site as explained in Section 
3.3.2. They were performed with the objective of determining the maximum 
dry density for the material and correspondent optimum water content (OMC). 
In the case of the standard compaction curve, the maximum dry density of 
1.91 Mg/m3 was achieved at OMC of 14%. The percentage of air void at the 
OMC is 4%. For the light compaction test, a lower maximum dry density was 
achieved of 1.38 Mg/m3 at OMC of 12%.  
4.3 Infiltration test using the soil-column apparatus 
The results of the infiltration test using the soil-column to establish the CRIB 
of soil-geocomposite drain profiles are presented in this section. The test 
methodology is explained in Section 3.5.2. As a control, initial infiltration tests 
were undertaken using the geocomposite drains alone and geocomposite 
drains on a layer of gravel, (without any soil), to ensure that the drainage 
through to the bottom of column is unaffected by these interfaces. The results 
showed no water ponding above the geocomposite drain and no 
breakthrough head was required to cause flow through the non-woven 
geotextile (as expected). This supports the physical properties reported for 
the GD by the manufacturers, which stated that the breakthrough head is 0 
mm in (Section 3.22). No capillary break or any water accumulation 
behaviour was observed at these interfaces.  
Two sets of tests were considered to assess infiltration using the soil-column 
testing programme as stated in Section 3.5.1. Geocomposite drains with 
different thickness (i.e. 6.1mm and 4.6mm) are used and three samples for 
each thickness are tested. Based on the finding, there is no difference in the 
performance of the GD for differing thickness. Hence for the interface shear 
strength test using DSA, only GD with 6.1mm thickness is used. The testing 
procedure is explained in Section 3.5.2. The similar initial condition of the 
soil-GD profile set up was used in all testing as show in Figure 3.6 in Section 
3.5.1.  
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4.3.1 Infiltration Test (Test 1, Test 2 and Test 3) using GD thickness of 
6.1mm 
Infiltration testing programme on the small soil column used geocomposite 
drain with 6.1mm thickness. Test 1, 2 and 3 consisted of a column prepared 
with Mercia Mudstone soil of 12% initial water content with light compaction 
(at OMC), resulting in a dry density, ρd, of 1.6Mg/m3. The water content of the 
soil was controlled by mixing 2 kg of dry soil to 12% water content. 6 cm of 
soil was placed above the GD in the column. An average water spray rate of 
2.714 ml/s was applied to the top of the column using the single spray nozzle 
distribution methods to represent a rainfall event   (see Figure 3.5). A full 
schematic of the soil-column apparatus is illustrated in Figure 3.5. The similar 
soil profile preparation and procedure were used for all tests (Figure 3.6). 
Readings from the scale were taken after 5 minutes of simulated rainfall 1 
hour after testing, until water breakthrough occurs into the drain or 24 hours 
without any breakthrough event.  
The percentage of water content in the soil-column for Test 1, 2 and 3 versus 
time of testing graph is presented in Figure 4.2, 4.3 and 4.4.  
 
Figure 4.2.Percentage of water content in soil above geocomposite drain with time of testing 
in minutes for Test 1. 
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Figure 4.3.Percentage of water content in soil above geocomposite drain with time of testing 
in minutes for Test 2. 
 
 
Figure 4.4.Percentage of water content in soil above geocomposite drain with time of testing 
in minutes for Test 3. 
 
Table 4.2 presented the summary of percentage of water content in soil-
column test for Test 1, 2 and 3. Due to infiltration event at the beginning of 
tests, the water content sharply increases around 31 to 33%from the initial 
value of 12% after 60 minutes of testing. A similar pattern of behaviour was 
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observed in all tests with slight variation in water content (see figures 4.2, 4.3 
and 4.4). The water ponding above soil surface is keep at 2 cm height 
through the test to monitor the water content in soil. The water level reduced 
as the water starts to fill up in between the soil lumps. At this level, the water 
content in soil increased and water is taken up by the clay as it swells. The 
swelling of soil lumps was observed and this can be seen clearly in Figure 
4.9 (c), (d) and (e). The swelling also shows the progressive process of water 
flow in the soil layer. Finally, the water content remained constant with no 
drainage flow or breakthrough until the end of testing (24 hours) and the test 
end up with water content between 34 to 37%.  
 
Table 4.2.The summary of percentage of water content in soil-column test for Test 1, 2 and 
3. 
Test Initial water content (%) 
Water content 
after initial 
infiltration (%) 
Final water 
content (%) 
1 12 31 34 
2 12 33 36 
3 12 32 37 
 
4.3.2 Infiltration Test (Test 4, Test 5 and Test 6) using GD thickness of 
4.6mm 
Infiltration testing programme in the small column uses a geocomposite drain 
with 4.6mm thickness. Test 4, 5 and 6 consisted of similar column 
preparation as previous Test 1, 2 and 3 testing programmed. Figure 4.5 to 
4.8 shows the results of infiltration test using soil-column for Test 4, 5 and 6.  
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Figure 4.5.Percentage of water content in soil above geocomposite drain with time of testing 
in minutes for Test 4. 
 
 
Figure 4.6.Percentage of water content in soil above geocomposite drain with time of testing 
in minutes for Test 5. 
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Figure 4.7.Percentage of water content in soil above geocomposite drain with time of testing 
in minutes for Test 6. 
 
Table 4.3 presented the summary of percentage of water content in soil-
column test for Test 4, 5 and 6. Due to infiltration event at the beginning of 
tests, the water content sharply increases around 34 to 37% from the initial 
value of 12% after 60 minutes of testing. The water ponding above soil 
surface is keep at 2 cm height through the test to monitor the water content in 
soil. The water level reduced when water starts to fill up in between the soil 
lumps. At this level, the water content in the soil increased and this taken up 
by the clay as it swells. The swelling of soil lumps can be observed and is 
seen clearly in Figure 4.9 (c), (d) and (e). The swelling also shows the 
progressive process of water flow in the soil layer. Finally, no breakthrough 
occurs along the testing until 24 hours and the test end up with similar water 
content between 36 to 39%.  
In contrast to the previous tests, the Test 4 graph (Figure 4.5) is not showing 
any change in water content after infiltration until after 24 hours. No water is 
added to sustain the level of water above the soil profile the level remained 
constant at 2cm above the soil surface. The graph shows a horizontal line 
from after the infiltration event until the end of testing. The water accumulates 
in the soil above GD without any drainage after 24 hours.  
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Table 4.3.The summary of percentage of water content in soil-column test for Test 4, 5 and 
6. 
Test Initial water content (%) 
Water content 
after initial 
infiltration (%) 
Final water 
content (%) 
4 12 36 36 
5 12 34 37 
6 12 37 39 
 
Overall, the average water content of soil above GD increase to more than 
double the amount of the initial of 12% without any breakthrough until 24 
hours of testing due to infiltration process through the soil profile. Increase in 
water content in soil can be related to the capillary break behaviour at the 
interface of soil-GD. Instead, water accumulates at the interface above the 
geocomposite drain without any drainage flow through the geotextile (i.e. no 
breakthrough) as agreed by the results on the next section (Section 4.3.3).  
4.3.3 Water content in soil layer with depth above geocomposite drain 
This section explains the water content behaviour in soil at the interface of 
GD after the infiltration testing and present photographs of stages of the soil-
GD column test for Test 1.  
Figure 4.8 show the water content profiles with height for two locations in the 
layer of soil: from the geotextile (part of GD) to 20 mm above the geotextile 
(shown in blue) and in a layer of 20 mm to 40 mm above the geotextile 
(shown in red). The highest water content in soil at the interface is obtained 
in Test 6 with 38% and the lowest shown in Test 1 with 32%. The average 
water content in the soil above the GD is 35.47%. In the above layer 20 to 40 
mm is lower at 34.1%. In all tests the soil layer in the 0 to 20 mm layer above 
geocomposite drain is wetter than the upper layer (20 to 40 mm above 
geotextile). The error bars show the standard deviation of water content in 
soil above GD in each set of tests. On average, the difference in water 
content in the soil above the geotextile (0-20 mm layer and 20mm to 40mm 
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layer) is around 0.7% for all tests. Showing water ponding above the GD 
changes the water content of the material due to lack of drainage. 
An increase of more than 50% of water content in soil above GD from the 
initial value (12%) is obtained in the infiltration. This shows water had 
reached the interface and may indicate capillary break behaviour that causes 
water to accumulate above the soil-geocomposite drain interface without 
breakthrough and wetting the soil. The finding is consistent with Zornberg et 
al. (2009) and Zornberg (2010) (Section 2.5.2). 
 
Figure 4.8.Percentage of water content in soil with height above geocomposite drain for 
Tests 1 to 6. The error bars represent the standard deviation of the mean derived from each 
set of tests.  
The differences in water content of soil at the interface and the upper layers 
of soil above the GD in this study may be smaller compared with other 
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Zornberg et al. 2009, Zornberg 2010). The short-term testing (i.e. 24 hours) 
and small column size compared to other studies using column tests (i.e. 
increased height of soil profile above geosynthetic) may affect the result. 
Most of the column tests in the literature had greater length of column 
apparatus, high thickness of soil profile, and longer time of testing which 
produced higher water content differences between soil layers near the 
interface, even when capillary break occurred at the interface of soil-
geotextile layer.  
As stated in above Section 4.3.3, the capillary break behaviour occurred at 
the interface of soil-GD layer in the column tests and this increased the water 
content at the interface, from the initial condition of 12% to around 40%. The 
water accumulated at the interface for 24 hours without any breakthrough. 
This behaviour softens the soil layer at the interface and hence reduce the 
shear strength.  
A column test conducted in University of Texas reported by Zornberg et al. 
(2009) and Zornberg (2010) used 750mm long column of low plasticity clay 
underlain by a geocomposite drain. The development of capillary break 
behaviour occurred at the interface of soil-GD and breakthrough event 
occurred after 1200 hours of testing. The water content in soil at the interface 
(0mm above GD) after breakthrough, measured as 40% compared to the soil 
layer at 400mm above GD at 25%. The difference in water between soil 
layers at the interface and the upper height layer after breakthrough event is 
around 15% compared with this study of around 1% to 3%. Another column 
study was reported by McCartney et al. (2005) consisting of 300 mm low 
plasticity clay over a geocomposite drain layer. The testing also confirmed 
the development of capillary break at the interface between clay and GD 
layer. The breakthrough occurred after 150 hours of testing. The water 
content of soil at the interface (20mm above GD) was measured as 35% 
which is higher compared to water content of soil at 250mm above GD with 
28% after breakthrough.  
Figure 4.9 shows photographs of the stages of column Test 1. These 
photographs were taken starting from the initial stages (Stage 0) until the end 
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of the test (Stage 3). Figure 4.9 (a) shows conditions for the initial water 
content (i.e. 12%) in soil profile above GD. Then, after 60 minutes (Figure 
4.10 (b)) water starts to fill up the gaps between the soil. Figure 4.9 (c), (d) 
and (e) shows very similar image as the infiltration processes between soil 
very slow and difficult to see visually. But the way of clay particles swelling 
can show the progressive process. Lastly, Figure 4.9 (f) was taken exactly 
after 24 hours of testing. It is clearly shown that the soil profile varies with the 
amount of water from the first to last stages. Very similar behaviour for the 
column test stages shown for each testing (Test 2, Test 3, Test 4, Test 5 and 
Test 6).  
 
Figure 4.9.Photo of infiltration test using soil column for Test 1 at (a) Initial stage (b) 60 
minutes (c) 180 minutes (d) 300 minutes (e) 420 minutes (f) 1440 minutes (No breakthrough). 
 
The findings from the infiltration tests using a small soil-column as discussed 
in Section 4.3.1 to 4.3.2 showed that the water content in the soil layer above 
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the GD increased from an as-compacted water content of 12% to 36% by the 
end of the tests in each of the first 3 tests. For Test 4, 5 and 6, the average of 
water content in soil above GD increased around 37% after 24 hours of 
testing which is similar with the Test 1, 2 and 3 with the same initial water 
content of soil. So, the GD thickness gives no difference in the performance 
of the materials in the tests. 
4.3.4 Formation of capillary break at the soil-GD interfaces 
To generate flow across a soil-geotextile boundary involves the capillary 
interaction process between materials and is defined herein as Capillary-
Related Interface Breakthrough (CRIB). CRIB represents the transition of a 
soil-geotextile interface from a hydraulically non-conductive state to a 
conductive state. For a detailed explanation of CRIB see Section 2.5.1. This 
section discusses the results and trends obtained from the infiltration tests 
using the small soil column on CRIB conditions. 
In this study, the experimental results on the soil-geocomposite drain layer 
(i.e. Mercia mudstone and GD with non-woven geotextile overlaying the 
cuspated core) using the column test have been presented in Section 4.3. 
Based on the infiltration test results described, it was demonstrated that the 
capillary break behaviour occurred at the interface of the soil-geocomposite 
drain causing the increased water content in the soil layer above the GD 
(more than 100% from soil initial water content) without water flow being 
detected after 24 hours of testing. As long as no water is collected in the tray 
below the apparatus, or the flow is too small to measure, the test is 
considered as no flow. In addition, the water content measured in the soil 
layer from 0 to 20mm above the GD, is also higher than at 20 to 40mm above 
the GD for each test.  It has to be considered that much of the water is held 
in the void spaces between the clumps of soil as the soil in the column is 
poorly compacted as would be the case on-site in a cover soil layer in a 
landfill capping system. Key to understanding the capillary break behaviour is 
the assessment of water flow in the soil-geosynthetic profile using the column 
test as reviewed in Section 2.5.2.  
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Figure 4.10 shows the overall results on the increase in mass of water in the 
soil during the stages of the test from an initial (Stage 0) to the placed water 
content at Stage 1, then water infiltrating through the soil layers (Stage 2a 
and 2b), either breaks through or does not break through after 24 hours 
testing (Stage 3) and lastly, the oven drying (Stage 4). Stage 2a represents 
when water was sprayed over the top of the soil layer until a 20mm height of 
water was present above the soil surface to simulate an extreme rainfall 
event or to stimulate surface recharge of the soil mass due to infiltration of 
ponded water. Stage 2b is after adding water to sustain the water level above 
the soil profiles.  
Figure 4.10.Cumulative of water content in soil above GD at stages of the soil column tests 
 
The water content in the soil layer above the GD of Tests 4, 5 and 6 
(indicated by the dotted lines) show very similar patterns to Tests 1, 2 and 3 
(represented by solid lines). The average water content in the soil above the 
GD increased to around 37% from the as-compacted water content of 12%. 
Then, the mass of water slowly increased due to the additional water needed 
to achieve a 20mm head above the soil without any breakthrough occurring 
as no flow occurs up to 24 hours. When water was sprayed on the soil layer 
to represent heavy rainfall conditions, the soil profile above GD, the void 
spaces between the clumps of soil were filled with water and the soil became 
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saturated. This situation remained until breakthrough occurred. However, up 
to 24 hours no breakthrough on the profiles tested was observed.   
These small column test confirmed that capillary break occurs for the tested 
combination of soil and geotextile (part of GD) generating a significant 
increase in the amount of water in the soil layer above the GD despite the 
non-woven GD having a theoretical breakthrough head of 0mm, as stated in 
Table 3.1. The above findings support the statement explained in Section 
2.5.1, where the phenomenon of capillary break can occur at the interface of 
two materials with a large difference in pore sizes (i.e. clay overlying a non-
woven geotextile), hence the water will not flow from the soil into the 
underlying layer. The capillary break behaviour also occurs at the interface 
between silty sand and overlying coarse sand (Stormont and Morris 2000, 
McCartney et al. 2005) and sand- geotextile (non-woven needle punched) 
(Nahlawi et al. 2007).  
The effect of capillary break behaviour was also observed by Richardson 
(1997) on the failure of a landfill cover system as discussed in Section 2.7.1. 
The capillary break effect on the silty sand and GD (i.e. single non-woven 
geotextile bonded with geonet) interface caused water accumulation and the 
water level rose more than the entire cover layer thickness. When the soil-
geotextile created a capillary break, the accumulated water caused the soil to 
saturate. The saturated cover soil state persisted and caused sliding failure 
of the side slope of a landfill cover system. Similar observations were made 
in laboratory and numerical studies by Iryo and Rowe (2003, 2004, and 2005). 
The water ponding behaviour (i.e. related to capillary break behaviour) at the 
interface of geotextiles (part of a GD) in a landfill cover system was 
confirmed by Zamara (2013) during field work monitoring of the landfill 
capping of a geosynthetic drainage system at Bletchley landfill. Figure 2.35 
showed clearly the water ponding above geotextile within the toe section of 
landfill cover system.  
As water is sprayed on the soil surface, the water flows through the soil to the 
soil/GD boundary and the capillary action in between these materials at the 
interface has to be overcome for breakthrough of flow to occur as explained 
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in Figure 2.14. The different pore sizes in between fine grained soil and non-
woven geotextile restricts the flow of water. A further issue is the water 
breakthrough head of a geotextile alone (i.e. without the presence of soil). If 
either or both of these mechanisms occur, water will start to build up in the 
overlying clay (at the interface of clay-geotextile) until the breakthrough head 
is achieved, which then allows water to flow through the geotextile and 
overcome the capillary break and/or geotextile break through head. In this 
study the breakthrough head of water was not measured due to difficulties 
caused by the presence of the soil layer placed above the GD. 
Consistent with the findings of previous studies reported in the literature, 
geocomposite drainage layers in contact with fine grained soils can develop a 
capillary break that results in the accumulation of water above the interface.   
4.3.5 Undrained shear strength of soil layer above geocomposite drain 
This section explains the results of the shear strength of soil above GD 
measured using shear vane apparatus (See Section 3.7.2). The 
measurement on the shear strength of soil is taken in between 0 to 20mm 
above GD with two tests due to the limited sample area in the small column 
apparatus. Based on the graph in Figure 4.11, the undrained shear strength 
versus water content profile results from the soil column tests are shown. 
The shear strength of soil layer above GD generally decreases with 
increasing of water content. Very consistent measurements were observed 
(i.e. standard error less than 1). For 12% water content condition (the 
average vane shear strength was approximately 17kPa and this falls to 
around 12kPa when water content increases to 17% (PL).  
Significant reduction in shear strength is shown, (more than 50%) when the 
water content is above the PL of the soil. The low shear strength range 
between 6 kPa to 2 kPa as the water content rises to 32%. Finally, at water 
content of around 40% the vane shear strength reduces to 0 kPa as would be 
expected at or above the liquid limit (LL). The variability of measurements of 
the shear strength decrease with increasing water content in the soil. The 
    156 
 
Chapter 4 
variability reduced as the water content increased and the error bars became 
so small that they cannot be presented for high water contents. Greater 
variability at lower water contents was observed compared to high water 
contents.  
 
 
Figure 4.11.Undrained shear strength with water content profile for soil adjacent to the 
geocomposite drain/soil interface. The error bars represent the standard deviation of the 
mean derived from each test. 
 
Case studies in the literature agree with this reduced strength finding can 
lead to failure of geotechnical structures, especially landfill cover and lining 
system (Richardson 1997) as discussed in Section 2.7.1. The effect of soil 
softening at the interface of soil-GD layer in landfill cover system is a major 
focus of this study. However, very limited studies are discussed in the 
literature on the shear strength of soil softening at the interface between soil 
and geosynthetic due to capillary break behaviour. Fowmes et al. (2007) 
mentioned that the saturation of a drainage layer due to extreme rainfall can 
contribute to saturation/wetting that lead to a softening effect at the interface 
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between restoration soil and geosynthetics drainage. The soil softening may 
reduce the interface shear strength and hence affect the stability of the 
system.  
The saturation of soil cover layer can be caused by the capillary break as 
discussed in Section 4.3.4 and also build-up of water from the toe position of 
landfill cover system. Where the toe drainage does not perform and cause 
problems. Iryo and Rowe (2005) suggested investigating the stability 
assessment of a the weakened soil layer at the interface of soil-GD due to 
capillary break behaviour that led to increase water content in soil layer 
above GD.  
Together, the above results provide important insights into the consequences 
of capillary break behaviour occurring at the interface of a soil-geocomposite 
drain. Capillary break can occur at the interface, which for the tested 
combination of soil and geocomposite drain causes a significant increase in 
the amount of water in the soil. The soil layer in the 0 to 20 mm layer above 
geocomposite drain is wetter than the upper layer (20 to 40 mm) above 
geotextile). This shows water had reached the interface and may indicate 
capillary break behaviour that causes water to accumulate above the soil-
geocomposite drain interface. The increase in water content of the soil 
makes soil structure soften and shear strength reduces, with consequent 
implication 
4.4 Interface shear strength of a soil-GDs using a large DSA 
This section describes and discusses the experimental results for the 
interface shear strength of soil-GD using large direct shear apparatus (DSA). 
The purpose of this part of the study was to observe the influence of soil 
softening effects on the soil-GD interface conditions due to soaked/water 
build-up behaviour and its effect on the stability performance/shear behaviour 
of the geocomposite drain/soil system. The implications of soil softening 
effects at the interface of soil-GD for the stability performance of drainage soil 
structures are discussed in Section 5.2.2. It is important to evaluate the 
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physical changes in the material that occur at the interface due to changes in 
soil water content.   
A series of soil/GD systems were tested by using the large DSA to evaluate 
the effects of different soil water contents and soaked conditions that cause 
soil softening behaviour that affects the interface shear strength 
characteristics. A total of 36 direct shear tests of soil-GD interfaces were 
performed under as-compacted conditions and 9 tests with soaked conditions 
at the interface using the DSA test. The tests were run with normal stresses 
ranging from 10 to 30kPa, which stimulate the range of low normal stresses, 
that impact on typical landfill capping systems as discussed in Section 2.4.1. 
The initial bulk density of soil placement in the DSA achieved 1.33Mg/m3 with 
the initial water content of 12% (OMC of light compaction). The shearing rate 
of 1mm/minute produces undrained/partially drained conditions and was 
used as recommended in the relevant standards (BS 1377-7:1990, ASTM 
D5321/D5321M-14). The methodologies of the testing have been discussed 
in Section 3.6.2. For soils, the failure envelope may show slightly curvature 
particularly under low normal stress (Jones and Dixon 1998, Bergado et al. 
2006) but given the low normal stress range used in this study (i.e. 10 to 
30kPa) a straight line relationship is assumed.  
4.4.1 Effect of as-compacted water content on the soil-GD interface shear 
strength. 
This section described the results of interface shear strength tests on as-
compacted samples of soil-GD interface. Some studies have been performed 
to obtain the interface shear strength between soil and geosynthetics using 
DSA in wet/soaked  conditions as discussed in Section 2.6 including Fourie 
and Fabian (1987); Koutsourais et al. (1991); Bergado et al. (2006); Farsakh 
et al. (2007); Ellithy and Gabr (2000) and Ivsic et al. (2005). But few studies 
have investigated the interface shear strength using DSA within the low 
normal stress range to represented landfill cover system and the effect of 
soaking. 
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The shear behaviour based on the relationships between shear stress and 
the horizontal displacement of the clay-geocomposite drainage interfaces are 
shown in Figures 4.12 to Figure 4.15. Each colour represents a different 
water content in the soil. The different types of lines for each colours (i.e. 
solid line (30kPa), dashed line (20kPa) and dotted line (10kPa)) stated the 
different level of normal load applied. Considerable efforts were made to 
replicate the same conditions of testing for each set of samples. The quality 
of results achieved is demonstrated by the consistent data for each as-
compacted condition of the soil and the normal stress applied.  
For each applied normal stress, the shear stress increases with increasing 
shear displacement and reaches a peak value, except for the higher soil 
water content (25%) condition, where the shear strength is independent of 
normal stress applied. As shearing continued, there is either no change in 
shear strength with displacement or a reduction in shear stress until a large 
displacement value is reached. These peak and large displacement shear 
stresses are then plotted against the relevant test normal stresses to obtain 
failure envelopes and derive shear strength parameters as discussed in 
Section 4.4.4. 
Reduction in strength from peak to large displacement is due to physical 
changes in the clay and geocomposite drain materials forming at interface 
and results from the relative displacement between the materials are (Dixon 
2010). Overall, the results show that the interface clay-geocomposite drain 
strength of the as-compacted condition is significantly affected by the water 
content of the soil before testing.  
The behaviour of the interface with a water content of 10% is shown in Figure 
4.12. The three lines for each different normal stress applied (i.e. 10, 20 and 
30kPa) represents three repeat tests. Higher normal stress applied (i.e. 
30kPa) represented by the solid line. For these conditions, the peak shear 
stresses occur typically at displacements between 30-50mm. Very little 
reduction or no reduction in stress occurs at large displacement (i.e. less 
than 10%) was noted for higher normal stressed applied at this water 
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content .  Each graph shows a slight curve at beginning of the test and 
produced nearly linear behaviour at the end of the test. 
 
 
Figure 4.12.Shear stress vs displacement plot of soil-geocomposite drain interface for as-
compacted with 10% water content conditions. 
 
The interface behaviour for soil water content of 10% at 20kPa (dashed lines) 
shows Figure 4.12. The pattern of graph looks very similar to the higher 
normal stress data. Very consistent graphs shown at each repetition of 
testing. The peak shear stresses are reached at displacements of between 
20-30mm which is less than higher normal stress applied. Similarly, very little 
reduction or no reduction in large displacement behaviour (i.e. less than 10%) 
was noted for the normal stress applied at this soil condition.  
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The behaviour of geocomposite drain interface using soil (Mercia Mudstone) 
with as-compacted water content of 15% is shown in Figure 4.13. The shear 
strength reduced with higher water content except for the 15% conditions. 
The shear behaviour at this condition of soil with higher normal load applied 
shows very different especially at peak condition among each as-compacted 
water content in the testing programme. There are very consistent in the 
shapes of the plot for each repetition tests and in each normal stress applied.  
The peak strength of as-compacted water content at 15% condition with 
higher shear stress showed in the green solid line. The graph at higher 
normal stress showed is differently to the other plots. The interface behaviour 
at this condition shows that much larger displacements are required to 
mobilise peak shear stresses, which are, significantly, the highest for all the 
conditions tested. Peak shear stresses are reached at displacements of 
between 50-70mm for higher normal stresses. The post-peak shear stress 
reduced by 20% or more to reach large strain values. Each graph in this 
condition shows a slight curve line at beginning of the test and more curvy 
when peak is reached   
The interface behaviour at as-compacted water content (15% at 20kPa 
normal stress) show with dashed line.. The shear stress conditions shows 
smaller displacements are required to mobilise peak shear stresses. Peak 
shear stresses are reached at displacements of between 20-40mm, less 
displacement than higher normal stress samples. The peak shear stress 
reduced by less than 10% to reach the large stress values.  
The peak strength and post-peak behaviour of soil water content 15% at 
10kPa plotted with dotted lines in the same graph. Peak shear stress is 
achieved with the first 10-20 mm displacement. The shear stress showed 
very little reduction or no change in shear stress compared with the peaks for 
higher normal stresses. The interface behaviour of geocomposite drain 
interface with as-compacted water content of 20% condition is shown in 
Figure 4.14. Similarly, the different types of lines represents the different level 
of normal stress applied (i.e. solid line (30 kPa), dashed line (20 kPa) and 
dotted line (10 kPa)). Three repetition of test for each normal stress applied.  
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Figure 4.13.Shear stress vs displacement plot of soil-geocomposite drain interface for as-
compacted with 15% water content conditions. 
 
The peak shear stresses of the as-compacted water content of 20% 
conditions are typically reached at displacements of less than 30mm for each 
normal stress applied at nearly similar positions. Very little reduction or no 
reduction (around 0 to 10% reductions) in large displacement behaviour was 
noted for each normal stress applied at this condition.  
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Figure 4.14.Shear stress vs displacement plot of soil-geocomposite drain interface for as-
compacted with 20% water conditions. 
 
The behaviour of geocomposite drain interface using soil with as-compacted 
water content of 25% condition is shown in Figure 4.15. As expected, very 
low peak shear stresses were observed for this conditions mobilized at 
displacements between 5-15mm due to the higher water content. A very 
minimal reduction or no reduction in shear stress occurred after the peak 
value had been achieved. The results also show consistently similar curves 
for all normal stresses applied for these conditions.  
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Figure 4.15.Shear stress vs displacement plot of soil-geocomposite drain interface for as-
compacted with 25% water conditions. 
 
The combination of shear behaviour based on the relationships between 
shear stress and the horizontal displacement of the clay-geocomposite 
drainage interface of all as-compacted water content condition as discussed 
previously are shown in Figure 4.16. Again, each colour represents the 
different as-compacted water content (i.e. 10% (blue), 15% (green), 20% 
(orange) and 25% (red)) and each type of line shows the normal applied (i.e. 
solid line (30 kPa), dashed line (20 kPa) and dotted line (10 kPa)).  
 
    165 
 
Chapter 4 
 
 
Figure 4.16.Shear stress vs displacement average plot of soil-geocomposite drain interface 
for as-compacted conditions. 
 
Reduction in strength from peak to residual (i.e. large displacement) is due to 
physical changes in the clay and geocomposite drain materials forming an 
interface and results from the relative displacement between the materials. 
As shearing is continued, there is either no change in shear strength with 
displacement or a reduction in shear stress until a large displacement value 
is reached. For each applied normal stress, the shear stress increases with 
increasing shear displacement and reaches a peak value, except for the 
higher water content (25%) condition, where the shear strength is 
independent with normal stress applied. These peak and large strain shear 
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stresses are then plotted against the relevant normal stresses to obtain 
failure envelopes and derive shear strength parameters. 
The test results presented here show that the interface clay-geocomposite 
drain strength of the as-compacted condition is significantly affected by the 
water content of the soil before testing. The shear strength reduced with 
increased water content except for the soil water content of 15% at higher 
normal stress applied. The peak strength of 15% at 30 kPa shear stress is 
the highest stress in all the potential failure surfaces in the testing. The 
interface behaviour of as-compacted water content 15% conditions shows 
that much larger displacements are required to mobilise peak shear stresses, 
which are, significantly, the highest for all the conditions tested.  
Tests conducted with the soil nearly at PL=17%, (15%) exhibit higher peak 
shear stresses than samples with a lower percentage of water content, with 
around 30% reduction of peak stresses. The graph showed nearly similar 
behaviour of shear stress obtained in between 10% and 15% at other normal 
stress applied.  
4.4.2 Effect of a soaked condition on the soil-GD interface shear strength 
The section describes the interface shear strength test for soaked condition 
using large DSA. The initial density of soil placement in the DSA for soaked 
condition is achieved at the 1.33Mg/m3 with the initial water content of 12% 
(OMC of light compaction test for soil). Under soaked condition, only the soil 
layer at the interface above geocomposite drain is softened. The testing 
methods and sample preparation for the soaked condition have been 
explained in Section 3.6.2. These are to represent the possible situation of 
the cover/restoration soil layer and geosynthetic interface after it has been 
saturated/wetting due to the capillary break behaviour and effect of water 
build-up from toe position of landfill cover system in the geocomposite drain 
level. 
The shear behaviour based on the relationships between shear stress and 
horizontal displacement of the clay-geocomposite drain interface obtained 
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using the large DSA for soaked water content conditions are shown in Figure 
4.17. The different types of lines in the graph represent the different rate of 
normal stress applied in the testing (i.e. solid line (30 kPa), dashed line (20 
kPa), and dotted line (10 kPa)). Three repeat tests have been conducted for 
each normal stress. 
 
 
Figure 4.17.Shear stress vs displacement plot of soil-geocomposite drain interface for 
soaked conditions. 
 
As shown in the graph, the peak shear stress reached in between 5-10mm of 
displacement depends on the normal stress applied. The post-peak 
behaviour showed very little reduction (i.e. to less than 10% from the peak 
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value) or no change in shear stress for all normal stresses as linear lines 
obtained after reaching the peak value.  
The shear stress behaviour obtained in the soaked condition increased 
constantly with higher normal stress. For each normal stress applied the 
increment of shear stress obtained is between 5 to 17 kPa to achieve a peak 
value. The changing behaviour of shear stress from lower to higher normal 
stress applied can be seen clearly in the graph. This condition showed 
different behaviour compared to the as-compacted water content condition 
(20% and 25%) where the shear stresses are independent of the normal 
stresses. 
The behaviour of clay-geocomposite drain interface shear strength obtained 
using the large DSA for as-compacted and soaked conditions are combined 
together and shown in Figure 4.18. In the graph the soaked condition is 
represented as black-coloured lines and as-compacted water contents using 
other colour.  
Overall, the shear behaviour for the soaked condition obtained higher shear 
stress than the as-compacted water content at 25% condition. The shear 
behaviour of soaked condition lies in between the as-compacted condition of 
10% and 15% (at low normal stress), and 20% and 25%. At the higher 
normal stress (represented using a black solid line), the shear stress of 
soaked conditions achieved shear strengths in between those for the 20% 
condition at 30 kPa and 20 kPa normal stress as-compacted state. The shear 
behaviour under soaked condition at low normal stress is similar to the 25% 
as-compacted condition, the black dotted line compared to the red lines). 
The shear stresses of soaked conditions rise constantly with the increment of 
normal stress compared with the as-compacted condition at higher water 
content (25%) where the shear stress becomes independent to increased 
normal stress (i.e. no change occurs to the shear stress). Under soaked 
condition, only the soil layer at the interface above the geocomposite drain is 
softened. The soil above the soften layer is in an initial as-compacted state 
(i.e. OMC of light compaction, 12%) and this layer may support the softened 
soil to increase the shear strength at the interface.  
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Figure 4.18.Shear stress vs displacement average plot of the soil-geocomposite drain 
interface for as-compacted and soaked conditions. 
 
4.4.3 Water content of soil above geocomposite drain after shearing 
The measurement of the soil water content from each soil sample after the 
shearing event was performed (refer to Section 3.6.2). The photographs in 
Figure 4.19 show the condition of the soil-geocomposite drain after the 
shearing event for the soaked condition. As is clearly shown, the soil softens 
at the interface of the geocomposite drain after 24 hours of soaking in the 
DSA apparatus.  
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In order to compare the water content of the soil layer at different height 
above GD (i.e. layers of 0 to 25mm and 25mm to 50mm above GD), the soil 
sample was cored from the layer as shown in Figure 4.20.  
 
Figure 4.19.The photograph of the softening effect at the clay-geocomposite drain interface 
after a shearing event for the soaked condition. 
 
 
Figure 4.20.The soil sample was cored from the soil layer above GD of a soaked condition 
after testing. 
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The results of the water content in the soaked soil layer above GD showed 
that the soil specimens experienced an increased water content at the 
interface (layers 0 to 25mm above GD) from the initial (OMC=12%) to in 
between 21% to 22% for all soaked tests. The water content in the soil layer 
of 25mm to 50mm above GD showed negligible change from the initial water 
content. The swelling of the layer of softened soil at the interface is shown 
clearly in the photographs (Figure 4.19). 
The soaked condition clay specimen was prepared using the light 
compaction method with 12% of water content (OMC of light compaction soil), 
then flooded with tap water and left to soak at the interface for 24 hours, with 
normal pressures of 10 kPa. The preparation of soil in this condition is 
described in Section 3.6.1. During soak, the water level was maintained 
above the clay/GD interface by adding water as required.  
These soaked conditions aimed to represent the possible situation of a 
softening effect on the landfill soil cover layer above GD due to capillary 
break and water build-up from toe position of landfill cover system until the 
geocomposite drain level. This water build-up behaviour can be related to the 
water restricted from draining to the outlet caused by overloading of drainage 
layer due to heavy rainfall event, outlets become blocked or clog due to 
inadequate filter design or inadequate flow-carrying capacity, damage to the 
outlet pipe, or freezing of water in the pipe of drainage outlet and many more 
that discussed in detail in Section 2.7.1.  
4.4.4 Influence of as-compacted and soaked conditions on the interface 
shear strength of soil-GD system 
This section discusses the findings obtained from the interface shear strength 
testing on soil-geocomposite system using a large DSA. Typically, soil-
geosynthetic interface shear tests are conducted at several different normal 
stresses. For each test, the mobilised shear stresses are plotted against 
displacement. For each normal stress, the shear stress increases with 
increasing shear displacement and reaches a peak value. As shearing is 
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continued, there is a reduction in shear stress until a constant or residual 
value is reached. These peak and large displacement shear stresses are 
then plotted against relevant normal stresses and a best-fit straight line 
drawn through the points to obtain a failure envelope. The interface shear 
strength parameters (friction angle, δ and apparent adhesion, α) are given by 
the gradient of the best-fit straight line and intercept on the Y-axis 
respectively. Coulomb failure criteria are defined by best-fit lines through the 
sets of peak and large displacement data measured at normal stresses (i.e. 
10, 20 and 30 kPa). The soil and geosynthetic interfaces failure envelope 
under low normal stresses may show some curvature. However, a straight 
line approximation can still be taken over the stress range relevant for design 
and the interface shear strength parameters determined for that range. It is 
common industrial practice used by designers to approximate the failure 
envelopes to a straight line over applied ranges of normal stress (Jones and 
Dixon 2003). The Section 2.6.1 explains the definitions of interface shear 
strength parameters used in this study. Based on the previous literature 
(Dixon et al. 2002), it is uncommon to get the same results for tests carried 
out at each normal stress. Therefore, the failure envelopes are typically taken 
as the best-fit straight line through the average points at each of three or four 
normal stresses.  
A summary of strength parameters from the interface shear strength testing 
programme is presented in Table 4.4. The peak and large displacement 
shear stresses for as-compacted and soaked conditions of soil-GD interface 
are plotted against normal stresses for each series of tests in Figures 4.21 to 
4.24 and used to derive the parameters shown based on the Coulomb failure 
criterion in Table 4.4 and the R2 values for the line of best fit. The coefficient 
of determination (R2) is given for the best fit line used to derive the interface 
shear strength values by linear regression. This correlation coefficient gives 
statistical determination of whether the assumed linear correlation is strong, 
with a perfect straight line fit giving an R2 value of 1.0. A small of R2 denotes 
comparatively low correlation with the selected parameter.  
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The influence of as-compacted water content and soaked conditions on the 
interface shear strength of the soil-geocomposite drain parameters is very 
significant. Placement water content of soil for both testing conditions seems 
to have a considerable effect on the interface performance of the soil –GD 
layer. The peak and large displacement shear stresses for a soil-
geocomposite drain interface in as-compacted conditions are plotted against 
the normal stress in Figures 4.21 to 4.22 respectively. The different types of 
lines represented the different as-compacted condition tested as referred in 
the graph.  
Table 4.4.Peak, large displacement, and interface shear strength parameters of a soil-
geocomposite drain. 
 
Condition of 
testing 
Water 
content 
Peak 
Interface 
friction angle δ 
Interface 
adhesion α R2 
[o] [kPa] 
As-compacted 
10% 41.6 4.4 0.99 
15% 46.8 0.96 0.97 
20% 13.6 12.7 0.86 
25% 0.96 7.1 0.97 
Soaked 21-22% 28.6 1.8 0.99 
      
Condition of 
testing 
Water 
content 
Large displacement 
Interface 
friction angle δ 
Interface 
adhesion α R2 
[o] [kPa] 
As-compacted 
10% 40.5 4.8 0.98 
15% 38.4 3.6 0.91 
20% 9.5 13.6 0.90 
25% 1.6 7.8 0.86 
Soaked 21-22% 27.2 2.3 0.98 
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The peak interface friction angle of 41.6o was obtained with the adhesion 
intercept of 4.4kPa for as-compacted water content at 10% condition (solid 
line with green marker) as shown in Figure 4.21. This as-compacted water 
content condition gives higher interface friction angle at large displacement 
strength with a very small reduction from peak strength (41.6o to 40.5o). This 
condition of soil does give high friction strength and also shows a strong 
straight line fits with correlation coefficient value of 0.9.  
 
 
Figure 4.21.Shear stress vs normal stress of soil-geocomposite drain as-compacted 
conditions (Peak). Error bars represent the standard deviation of the mean derived for each 
test. 
 
The linear regression best fit line give a highest peak friction angle of 46.8o 
obtained together with the adhesion intercept of 0.96kPa for 15% as-
compacted water content conditions showed in dashed line with purple 
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marker in Figure 4.21. The interfaces have the lowest adhesion intercept for 
both peak, and large displacement of as-compacted conditions. The peak 
shear strength envelope provides an excellent straight line fit with an R2 
value of 0.97. The peak values give slightly less scatter and thus a higher 
correlation. Based on the curve in Figure 4.16, at this condition gives the 
peak interface shear strength larger than the others. The failure envelope 
indicating that at higher normal stresses, the interface shear strength of 15% 
slightly increased than 10% as-compacted water content conditions by 
around 10%. 
 
Figure 4.22.Shear stress vs normal stress of soil-geocomposite drain as-compacted 
conditions (large displacement). Error bars represent the standard deviation of the mean 
derived for each test. 
 
The error bars show the range of interface shear strength measurements 
recorded at each normal stresses applied. In general, the greatest variability 
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in the shear strength measurement was recorded at the soil water content of 
15% especially at higher normal stress. The variability reduced as the as-
compacted water content increased and the error bars became small. The 
variability of other soil water contents was similar especially for 20% and 25%. 
Overall, peak and large displacement shear strengths for a range of as-
compacted water content conditions demonstrate consistent variability for 
each group of tests (i.e. less than 1kPa).  
The results of this study on the geocomposite drain/clay interface (i.e. as-
compacted soil at 10% and 15%) shows higher interface shear strength 
compared to the expected values based on the literature. However, there are 
few studies of the behaviour of soil-geocomposite drain interface found in the 
literature especially using low normal stress. Fowmes and Zamara (2014) 
tested a restoration soil-geocomposite drain interface in a field landfill 
capping study and found a peak friction angle of 37.1o with the peak 
adhesion of 0.17kPa. The restoration soils sampled were taken from the field 
during wet conditions and this may have affected the findings by reducing the 
interface friction angle. However, no percentage of water content of 
restoration soil is mentioned in the paper.  
Higher interface shear strength values obtained for the 10% and 15% as-
compacted conditions can be related to several factors that influence the 
interface shear strength between soil and GD at this condition, including the 
compactive efforts at soil preparation stage, soil water contents and the 
interaction mechanism between materials at the interface while shearing. The 
light compaction used for clay placement above GD provided minimal 
deformation of the geotextile and clay lumps into the dimpled core, but still 
generated a textured and non-planar interface, with the degree of interaction 
being influenced by the placement of water content and the compactive effort 
employed.  
The interaction mechanism in between clay and non-woven geotextile (i.e. 
part of GD) interface at 15% and 10% as-compacted conditions in this study 
is similar to conditions at the interface explained in Koutsourais et al. (1991). 
The study compared the interface shear strength between clay and sand with 
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a non-woven geotextile. Interface shear strength testing using low normal 
stress between Kaolinite clay and nonwoven geotextile interface gives low 
interface friction angle of 15o compared with river sand with 32.5o. The 
Kaolinite clay used has a higher PL and OMC of 27% and 30% respectively 
compared with Mercia Mudstone used in this study and this will have 
influenced the interface friction value reported.  
As the geocomposite drain tested consists of non-woven geotextile and 
cuspate drainage core, the interaction mechanism between as-compacted 
soils and the core may be a key factor that contributes to increased interface 
shear strength as mentioned above. The influence of geocomposite drain 
core at the interface may increase the friction value between soil and GD at 
as-compacted water contents of 10% and 15% due to the interaction 
mechanism in soil-GD interface that involves interlocking in between soil 
lumps, the individual element of non-woven geotextile fabric and cuspated 
drainage core.  
The observation of the soil surface and non-woven geotextile surface 
samples after testing also show the interaction mechanisms involved 
interlocking developed during shearing. This interlocking mechanism is 
influenced by normal stress applied and soil water content. The soil surface 
change and geotextile fabric surface behaviour is linked to interface shear 
strength and discussed further in Section 4.4.6. 
Jones and Dixon (1998) also agreed that the textured geosynthetic surface 
improved the interface shear strength. The light, soft non-woven geotextile 
fabric can be easily influenced by the drainage core dimple pattern while 
shearing due to the normal load imposed. The geotextile surface forms a 
dimpled pattern by being pushed into the drainage core. Fourie and Fabian 
(1987) stated that the contact between clay and non-woven geotextile is 
better than with sand or gravel, possibly because of the opening size of the 
fabric is far closer to the particle size of clay compared to granular soils. The 
above mechanism might also be a factor in providing improved interface 
friction at as-compacted conditions for relatively dry soil conditions (15% and 
10%). However, Jones (1999) stated that the non-woven geotextile/gravel or 
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sand interfaces possess higher shear strength compared to the non-woven 
geotextile/clay interfaces.  
Increases in water content of clay soil were found to have a considerable 
effect on the interface shear strength of soil/GD. Increasing water content 
tends to increase rearrangement of the soil particles. Clay particles and 
lumps soften upon mixing with water. Thus, water can act as a lubricant to 
allow soil particles to be packed together better by the compaction process. 
The soil lumps under 15% and 10% soil water content conditions then 
penetrate into the non-woven geotextile fabric and form the dimple core 
pattern by interlocking with the dimples and at the same time penetrating in 
between the geotextile fibres while shearing. This may improve the interface 
shear strength between the soil lumps (which are not fully broken down by 
compaction) and the geocomposite drain by increasing the friction angle. The 
flexible and soft materials of needle-punched geotextile allows interaction 
with the clay and provides additional bonding at the interface (Koutsourais et 
al. 1991), this helps to improve the friction value especially at low water 
content soil conditions (OMC condition of soil).  
The interaction mechanism at the interface in between soil and a 
geocomposite drain consisting of geonet sandwiched between non-woven 
geotextile and geomembrane is discussed in Bacas et al. (2015).The same 
mechanism may influence the interface shear strength in this study. But in 
this study, the highest normal stress applied is 30kPa and the effect on the 
interface interlocking mechanism might be lower compared to the Bacas et al. 
(2015) study that used normal stresses 100 to 450kPa. The interface 
mechanism in between soil-GD may help to improve the shear strength at the 
interface. Further explanation on the interaction mechanism is discussed in 
Section 4.4.5. 
The peak interface shear strength for 15% as-compacted water content 
condition was usually reached at displacements of 15 to 30mm with greater 
displacement required to reach peak as increased normal stresses are 
applied (i.e. 50 to 60mm). The interface shear strength for water content of 
15% reached its peak (46.8o) when the soil layer moves up and over the 
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drainage core. The strength then reduces (post peak, 38.4o) as the soil core 
interlocking is overcome and the interface has lower strength. The strong 
correlation coefficient of 0.91 envelopes respectively demonstrates this 
scatter. The conditions agree with Bacas et al. (2015) based on the 
interaction mechanism in between soil and textured geomembrane with 
asperity larger than 1mm. For this study using GD with cuspated core, the 
effect of soil surface and cuspated core might be different than the soil 
surface with asperity of geomembrane due to different roughness level.  
Similar behaviour on reaching the peak strength can be observed for the 10% 
water content soil interface due to the low water content in soil condition 
compared with water content conditions. The post-peak strength at 10% soil 
water content condition behaves similar to peak strength at the interface. The 
post peak shear strength envelope provides an excellent straight line fit with 
an R2 value of 0.98. This may be related to the condition of soil interface at 
peak and post peak being similar being nearly the same due to the dry 
conditions (loose lumps) and poor compaction. As the soil condition is drier 
than 15%, the small difference in friction value is expected. In addition, the 
interlocking between dry clay lumps while shearing and hence lower 
dilatancy of soil might be less than for 15% conditions. This mechanism may 
reduce the shear strength at the interface.  
The placement of water has a considerable effect on the peak and post-peak 
interface shear strength of soil-GD interface. As the percentage of water 
content increases, the interface shear strength of the soil decreases sharply. 
It can be seen that the peak friction angle decreases sharply from 46.8o to 
13.6o as soil placement water content increases to 20%, above the PL of soil 
(17%), where it is likely that significant reductions occur in the shear strength 
at the soil-geocomposite drain interface which continues to decrease as the 
water content increases further. Similarly, the post peak shear strength 
reduces as water content in soil increased. The post peak interface friction 
angle decreases from 38.4o to 9.5o as the water content increases to 20% 
from 15%. The strong correlation coefficients of 0.90 respectively 
demonstrate to this scatter. In contrast, at 20% soil water content provides 
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the highest adhesion intercept for both peak and post-peak strength of 
12.7kPa and 13.6kPa respectively.  
The failure envelopes show higher adhesion intercept for the clay-GD 
interface at high as-compacted water contents (i.e. 20% and 25%) compared 
to the lower as-compacted water content conditions (i.e. 10% and 15%) for 
both peak and large displacement shear strength. The high adhesion 
intercept could be indicative of dependence on the undrained shear strength 
of the clay. In particular it may be that the failure plane exists in the outer 
layer of the non-woven geotextiles fibres which are clay filled and thus the 
shear strength is a combination of the fibre frictional strength together with 
the clays strength (Jones and Dixon 2003). The geotextile fibres filled more 
with wet clay at high as-compacted water contents (i.e. 20% and 25%) 
compared to 10% and 15% water content conditions as showed in  the 
photographs taken after shearing (Figures 4.29 and 4.30) and this condition 
is discusses further in Section 4.4.6.  
Obviously, the 25% as-compacted water content condition gave significantly 
lower interface shear strengths. For this higher percentage of soil water 
content, the failure envelopes are nearly horizontal demonstrating undrained 
shearing conditions (i.e. shear strength is independent of the normal stress 
applied). No increment in interface shear strength of soil-GD is obtained as 
water content in soil continues to increase. Very strong correlation coefficient 
of 0.99 and 0.98 of the peak and large displacement envelopes respectively 
demonstrate this scatter.  
Excessive water in the soil at 20% and 25% as-compacted water content 
conditions significantly reduces the interface shear strength of the soil-
geocomposite drain as explained in the above paragraph. As water content 
affects the interface shear strength, it can also be deduced that too high 
water content lowers the interface shear strength, where it can reduce to 
nearly zero. Thus, the interface strength was highest when the soil moisture 
content is between optimum moisture content and plastic limit value and 
maximum dry density was achieved. Athanasopoulos (1991) showed that 
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there was no increase in shear strength for a soil water content higher than 5% 
or more than the OMC of the cohesive soil.  
Post-peak behaviour of the non-woven geotextile can be attributed to the 
stretching of the fabric (Jones and Dixon 1998). The stretching effect is 
related to the fibre needling and the tensile strength of the geotextile. In this 
study, the ability of non-woven geotextile to stretch may be limited due to its 
attachment to the drainage core (glued). But the stretching behaviour of non-
woven geotextile fabric as shearing takes place may have a positive effect on 
the shear strength at the interface especially for testing in the dry conditions 
(Koutsourais et al. 1991). The geotextile is stretched during shearing and 
could result in the enlargement of the geotextile openings which in turn could 
allow the fine-grained soil to penetrate into the plane of geotextile.  
No measurement of stretching of non-woven geotextile after shearing was 
made in this study but it is expected the mechanism is one of the factors that 
helps to improve the shear strength between soil and GD at 15% and 10% 
soil water content condition giving higher friction angles. 
The peak and large displacement shear stresses for soaked condition and 
as-compacted condition (as comparison) are plotted against normal stresses 
for each series of testing in Figures 4.23 and 4.24. A similar trend of results is 
shown in Ivsic et al. (2005) where there was very little difference between 
peak and large strain values of clay-geomembrane interface shear strength 
for wetted conditions which gives minimal strength. 
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Figure 4.23.Shear stress vs normal stress of soil-geocomposite drain as-compacted and 
soaked conditions (Peak). Error bars represent the standard deviation of the mean derived 
for each test. 
 
The linear regression curve gives a peak friction angle of 28.6o obtained 
together with the adhesion intercept of 1.8kPa for soaked conditions (with 21-
22% final soil water content) as shown in Figure 4.22. The peak shear 
strength envelope provides an excellent straight line fit with an R2 value of 
0.99. However, this soaked condition of soil gives much higher friction 
strength at the interface compared to as-compacted condition at 20% and 25% 
the soil can be better compacted at the original moisture content prior to 
soaking rather than compacted at this higher water content. 
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Figure 4.24.Shear stress vs normal stress of soil-geocomposite drain as-compacted and 
soaked conditions (Large displacement). Error bars represent the standard deviation of the 
mean derived for each test. 
 
The post-peak strength of soaked condition (in Figure 4.24) showed very little 
reduction from peak strength to large displacement with friction value of 27.2o 
and adhesion intercept of 2.3kPa. The soaked condition soil gives much 
higher friction strength at the interface compared to as-compacted condition 
at 20% and 25% at large displacement with a good fit (R2> 0.9). But lower 
adhesion obtained in soaked condition compared to 20% and 25% for both 
peak and large displacement shear strength. 
The error bars show the range of interface shear strength measurements 
recorded at normal stresses applied for soaked condition. The variability for 
peak and large displacement shear strengths of soaked condition is 
consistent for each test (i.e. less than 1kPa). The variability in soaked 
condition is less compared to the high as-compacted water content (25%). 
This indicates the repeatability and control of the sample preparation. 
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The effect of soil softening at the interface due to soaked condition gives 
higher interface shear strength than the higher as-compacted water contents 
(20% and 25%) as it modifies the in place initial compacted condition. Very 
similar shear behaviour is shown in peak and post peak for the soaked 
condition.  
The influence soaked/ wetting condition at the interface is relevant for soil-
geocomposite drain interfaces. In soaked condition, the soil is only wetted at 
the interface and the soil above the softened interface is at the as-compacted 
optimum moisture value (12%). But in as-compacted conditions the soil is 
mixed with the given percentage of water, which is therefore uniform through 
the layer. Increases in normal stress applied to the soaked condition samples 
will increase the shear strength in parts of the soil layer but not in high water 
content (i.e. close to saturated) soaked zone at the interface where the shear 
strength will be independent on the applied load due to the undrained loading 
conditions. 
At low normal stress applied, the shear stress of soaked condition obtained is 
a similar strength to the 25% condition. At this condition, the interaction 
mechanism may be controlled by minor interlocking in between soaked soil 
layer (i.e. soft layer) and non-woven geotextile fabric. The softened soil and 
wet interface condition achieves a low shear strength. Due to the softened 
interface, a low normal stress gave a very low peak not much different to the 
post-peak strength. This achieved the same shear stress as the high 
moisture content of 25% conditions.  
As normal stress increased (30kPa), the softened soil layer was easily 
extruded through the non-woven geotextile fabric of the geocomposite drain. 
The minimal interlocking between the softened soil layer and individual 
geotextile elements coated the interface and becomes weak.  
The interface shear strengths are significantly higher for 15% soil water 
content conditions and may be due to the increased interlocking and friction 
behaviour between compacted soil lumps and the geotextile fabric. In 
addition, the drainage core part of the GD may have a significant effect on 
the interface resistance (Bacas et al. 2015). Detailed discussion on the 
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interaction mechanism that may influence the interface strength between clay 
and GD are discussed in the next Section 4.4.5. 
 
Based on the presented results, the main conclusions can be summarised. 
The results indicate that the influence of soil water content was relevant for 
soil-geocomposite drain interfaces. In undrained tests, the interface shear 
strength of a soil-geocomposite drain will be dependent on the undrained 
shear strength of clay, which is linked to water content conditions at the 
interface.  Increases in water content will affect the interface resistance to 
shear. The soil preparation conditions also affect the interface resistance.  
The as-compacted condition controls the soil-geocomposite drain interaction 
while the soaked condition only modifies the in-place soil moisture conditions. 
Soaked conditions give higher interface friction than wet as-compacted water 
contents, due to compacted densities initially achieved with only the soil local 
to the interface softening in soaked tests. Therefore, soaked tests are more 
realistic in replicating field behaviour of soil/drain systems under operational 
conditions.  
4.4.5 Interaction mechanism of soil and GD interface. 
This section describes the interaction mechanism in between soil-GD 
interface and the influence of as-compacted water content/soaked condition 
that influences the interface shear strength between materials. Several 
factors/mechanism can be related to effect the interface strength obtained 
between as-compacted soil at a given water content and GD in this study 
(Section 2.6.3). The above section describes the findings and trends of a 
series of interface shear strength tests using a direct shear apparatus on soil-
geocomposite drain interfaces. Since the geocomposite drain used was the 
same in all tests, all the differences between tests can be attributed to the 
clay properties and test conditions.  
As described in the previous section, higher interface shear strength was 
obtained between soil water content of 10% and 15% and the geocomposite 
drain in this study. The influence of GD core at the interface may increase the 
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interface friction value between soil and GD under these conditions due to 
the friction and interlocking mechanism between compacted soil lumps, the 
individual element of geotextile fabric and the drainage core. Figure 4.25 
illustrates how these mechanisms may develop at certain levels, which are 
dependent on the compactive effort during soil placement, normal stress 
applied and water content in soil.  In addition, the effect from the penetration 
of geotextile fabric and clay lumps into the dimple core element due to the 
compaction effort during soil placement above the GD is also influenced by 
the placement water content in soil and the compactive effort employed (i.e. 
light compaction). 
As geocomposite drains incorporate a non-woven geotextile and drainage 
core, the interaction mechanism during shearing at the clay-GD interface can 
be presented in two main components: one is the friction (i.e. surface 
interaction) between the materials including soil lumps and geotextile fabric 
and the other is the interlocking between the soil lumps the individual 
element of the geotextile and the drainage core. The interlocking mechanism 
between soil lumps is depends on the placement of water content in soil (i.e. 
soil dilatancy to overcome interlocking) and normal stress applied. The soil 
lumps can be squeezed into the surface fabric and increase the interaction. 
The contact efficiency of non-woven needle-punched geotextile is better with 
clay compared to sand/gravel. This is because the size of the openings in the 
geotextile fabric is closer to the particle size of clay than granular soil (Fourie 
and Fabian 1987). In addition, using non-woven rather than woven geotextile 
with clay soil will improve the contact efficiency between materials at the 
interface. 
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Figure 4.25.Interaction mechanisms between clay, geotextile fabric and drainage core (GD 
part) (cross section direction): (a) layer with no penetration of geotextile into core (b) with 
compaction effort at the beginning of soil placement above GD (c) at low normal stress some 
additional penetration of geotextile and clay into core following placement (d) at high normal 
stress increased penetration (interlocking). 
 
A similar interaction mechanism at the interface between soil/geocomposite 
drain was found for a geonet sandwiched between non-woven geotextile and 
geomembrane, discussed in Bacas et al. (2015) and the same mechanism 
may influence the interface shear strength in this study for the cuspated core. 
The placement water content and hence degree of compaction will control 
the interaction mechanism in between clay lumps and geotextile fabric at the 
interface. In this study, a light compaction method is used in soil preparation 
in DSA. As GD consists of a drainage core overlain by a non-woven 
geotextile sheet, the compaction effort at the beginning of soil placement 
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above GD provided minimal penetration of geotextile and clay lumps into the 
core element (as shown in Figure 4.25 (b)). At low water content of soil 
conditions (i.e. 10% and 15%), compaction effort provided minimal 
penetration to push the soil lumps into the geotextile hence drainage core. In 
contrast, compaction with higher water content (i.e. 20% and 25%) still gives 
minimal penetration. But with high water content, the soften soil lumps had 
been pushed into the geotextile and wet the surface. Further discussion and 
clarification is provided in Section 4.4.6. 
As normal stress increases, the geotextile fabric is compressed more around 
the drainage core, which is embedded in between the dimple core as shown 
in Figure 4.25(d). Therefore, the shear behaviour for soil lumps, and 
geotextile fabric is via a higher frictional mechanism and greater interlocking 
takes place between the clay lumps, the geotextile fabric and the GD 
drainage core. As the clay lumps are minimally pushed into the geotextile 
fabric and dimple core element due to the compaction effort at the beginning 
of the soil placement above the GD, application of normal stress leads the 
soil layer penetrating into the core with the geotextile fabric, which increases 
the shear strength of soil-GD at the interface.  
At low water content of soil conditions (e.g. 10% and 15%) with higher normal 
stress applied, the soil lumps and the individual element of the geotextile 
fabric give greater interlocking due to the percentage of water in soil that 
gives the right conditions to penetrate into the fabric during shearing. It is 
likely that the clay lumps at 10% and 15% conditions act through the 
geotextile fabric penetrating into the core, thus providing considerable 
interlocking and increasing the contact area, and thereby producing a higher 
friction angle for the interface. The interaction mechanism involves higher 
water content soil (i.e. 20% and 25%) are not greatly influenced by the 
normal stress applied. The soil lumps become softer and the interlocking 
between materials (i.e. soil lumps and individual element of the geotextile 
fabric and drainage core) becomes weak due to soft soil layer conditions at 
the interface, so the soil controls 
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The low peak strength achieved at the beginning of the test occurs due to a 
friction and interlocking mechanism in between soft soil being pushed into the 
geotextile fabric and dimple core. Wet interfaces may reduce the friction 
between soil lumps and the geotextile fabric due to lubrication and local soil 
softening effects. The shear strength in between the particle lumps is weak, 
which leads to sliding on the geotextile surface while shearing thereby 
reducing the interface friction. The soft condition at the interface (20%) has 
similar behaviour to the post-peak conditions and gives similar strengths until 
the end of the test. When more water is added to the soil (25%) similar 
behaviour as the 20% condition is achieved but this time increases in normal 
stress do not produce an increase in shear stress due to undrained loading. 
All tests show very similar low shear strength independent of normal stress 
(Figures 4.23 and 4.24). The interlocking mechanism between a very soft soil 
layer and the core does not change as normal stress increases.  
The interaction mechanism is expected to be the same for soaked conditions 
as for as-compacted water content (i.e. 20%) due to similar final water 
content in the soil at the interface after soaking. However, the shear 
behaviour for the soaked conditions were higher than as-compacted 
condition with 25% as presented in Section 4.4.2. 
The compaction effort used for soil placement above GD provided minimal 
penetration of geotextile and clay lumps into the core element, same as for 
the as-compacted conditions. As mentioned in Section 3.6.2, soaked 
conditions were obtained by soaking the lightly compacted soil preparation 
(at OMC) for 24 hours prior to interface shear testing. The soaked condition 
represents the cover/restoration soil layer and geosynthetic interface after it 
has been saturated/wetted due to the effect of water build-up from toe 
position of landfill cover system up to the geocomposite drain level. The soil 
layer at the interface above geocomposite drain (only) was softened during 
this soaking and becomes weak. The soil above the soften layer is at the 
initial as-compacted state (i.e. OMC of light compaction, 12%). However, due 
to compaction at lower water content the initial interface condition is different 
to that when compacted at a higher water content value.  
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Shearing with low normal stress at soaked condition provided a similar 
interaction mechanism as 25% where there is not much influence of normal 
stress applied. The soil lumps become softer and the interlocking between 
materials (i.e. soil lumps and individual element of the geotextile fabric and 
drainage core) becomes weak due to soft soil layer conditions at the interface. 
Thus, the drainage core has a very small effect on the interface shear 
strength.  
As normal stress increased (30kPa), the softened soil layer has been pushed 
further into the geotextile fabric and into the geocomposite drain core. The 
interaction mechanism obtained is similar as above. The interlocking 
between soft soil layer, individual geotextile elements and drainage core 
becomes weak. Increasing the normal stress applied to the soaked condition 
samples will increase the shear strength in parts of the soil layer (dries part 
above the softened layer) but not in the high water content layer (i.e. close to 
the saturated) soaked zone at the interface. The shear strength will be 
independent of the applied load due to the undrained loading conditions.  
In conclusion, the interaction mechanism in between soil-GD interface and 
the influence of as-compacted water content/soaked condition controls the 
interface shear strength between materials that may develop at certain levels. 
This is dependent on the compaction effort at the beginning of soil placement, 
normal stress applied and water content in soil. The influence of 
geocomposite drain core at the interface seems to increase the interface 
shear strength between soil and GD due to the friction and interlocking 
mechanism between compacted soil lumps, the individual element of 
geotextile fabric and the drainage core.  
4.4.6 Soil surface change behaviour 
This section explains the observations on the soil/geotextile surface and 
changes in behaviour of the soil specimen after shearing, to explain the 
interaction mechanism that developed between clay lumps and the 
geocomposite drain interface while shearing.  The condition of the geotextile 
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fabric after shearing helps to further explain the mechanism and changes in 
the soil surface from in Section 4.4.5. 
During shearing, soil particles are moving around (i.e. sliding, rolling and 
interlocking) on the geotextile surface (Dixon 2010).  As a geocomposite 
drain consists of a drainage core overlain by a non-woven geotextile sheet, 
the movement of soil particles at the interface might be influenced by the 
core pattern. Placement of clay (i.e. compaction) can deform the geotextile 
into the core, generating a textured and non-planar interface, with the degree 
of interaction being influenced by the stiffness of the soil (i.e. related to 
placement of water content) and the compactive effort employed. The 
interlocking/friction between soil lumps, non-woven geotextile fabric and GD 
core at the interface while shearing may produce a non-planar shear surface 
that requires greater shear stresses to deform. These interaction 
mechanisms in between soil-GD materials at the interface are likely to 
influence the shear strength of the interface between soil and the 
geocomposite drain. Therefore, this mechanism of interaction is likely to 
influence the measured interface shear strength behaviour. 
The key characteristics when considering the mechanism of interaction at a 
soil interface in this study are at the micro and macro scales. The observation 
of the soil surface and non-woven geotextile surface samples after testing 
also show the interaction mechanisms involves interlocking developed during 
shearing. The compaction efforts at the beginning of soil sample, percentage 
of water in the soil and normal stress applied may contributes to these major 
factors and will influence the texture of the soil surface in contact with the 
geotextile. 
Figure 4.26 shows the difference between macro (Figure 4.26 (a)) and micro 
(Figure 4.26 (b)) interactions on the soil/geocomposite drain interface. The 
morphology of soil surface structure can be explained by macro and micro 
scales. The macro soil surface structure change can be explained as the 
degree of difference of the shear surface from a plane while the micro 
surface structure is the clay-geotextiles fibre-scale interactions.  
    192 
 
Chapter 4 
 
 
Figure 4.26.The morphology of soil surface structure classifications (a) Macro soil surface 
structure and (b) Micro soil surface structure. 
 
The soil surface structure behaviour needs to be inspected and identified 
after each shearing test in order to classify the soil interface morphology. The 
soil sample in the upper box of the shear apparatus was removed with care 
to prevent any disturbance to the soil sample interface surface. The 
classification of the surface structure can to be done visually.  
In this study, the macro changes can be related to the interaction of soil-GD 
involving low water contents and higher normal stresses applied to the 
interface while shearing. The micro changes can be related to the interaction 
of soil-GD using any of the combinations between higher water content, low 
and higher normal stresses. Both normal loads will give the same effect (i.e. 
fibres interaction) to the soil with high water content or in saturated condition. 
The morphology of soil structures help to explain the interaction mechanism 
involved while shearing that are difficult to visualise during testing. This can 
improve the explanation of the interface shear strength between soil and GD 
results. The interaction mechanism can be explained on the based on the 
identifying of soil surface change. 
Figure 4.27(a) shows the macro soil surface features for as-compacted soil at 
10% conditions after shearing with higher normal stress (30kPa). The soil 
lump arrangement in these conditions is dry and loosely packed due to 
compaction on the dry of OMC condition. The large voids in-between the soil 
lumps is clearly seen on the soil sample surface compared to other 
conditions with increased water content (e.g. Figure 4.28). The compactive 
effort gives minor penetration into the geotextile fabric and clay lumps into 
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the dimple core element. While, an increase in normal stress (i.e. 30 kPa) 
pushes the soil layer into the geocomposite drain while shearing. The friction 
and interlocking mechanism between dry soil lumps and geotextile fabric is 
strong enough to deform the soil surface into the drainage core pattern (as 
explained in Section 4.4.5). The soil surface formed a copy of the core 
pattern while shearing and is clearly seen on the soil surface in Figure 
4.27(a).  
 
Figure 4.27.Soil surface features and geotextile surface (part of GD) after shearing at 30kPa 
(a) Macro structure at 10% soil condition (b) Geotextile surface at 10% soil condition after 
shearing event. 
The soft and flexible non-woven geotextile fabric (part of GD) can influence 
the soil lumps penetration behaviour while shearing and this behaviour in turn 
can influence the shear strength at the interface. Under the same conditions 
of testing, the geotextile surface in Figure 4.27(b) shows that some dry clay 
lumps especially with smaller size, penetrate into individual geotextile 
elements. Increased normal stress causes more interlocking at the interface 
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while shearing and this factor gives higher friction between the clay lumps 
and GD at this condition of testing.  
The 15% water content in soil condition deforms the soil surface to produce 
macro surface features after shearing. Figure 4.28(a) displays a 15% soil 
condition after a shearing event. In this soil condition, the soil packing 
arrangement gives less pore space and slightly tighter packing due to the 
increased water content near the PL of the soil. The soil surface deforms 
visibly from the plane and the undulating surface can be clearly seen from 
the photo. The percentage of water in soil gives just the right condition for soil 
and geotextile to be more easily pushed into the drainage core during 
shearing.  In addition, the increase in normal stress provides more energy to 
push the soil layer and geotextile into the drainage core while shearing.  
The interlocking mechanism between the three elements (i.e. clay lumps, 
geotextile fabric and GD core) at the interface is increased by the higher 
normal stress applied. These factors give greater interlocking between soil 
and GD providing higher friction GD at this condition of testing.  
More clay lumps penetrate with the surface of geotextile fabric for the 15% 
conditions compared with other soil conditions as demonstrated in Figure 
4.28(b). The soil lumps at this condition increased the contact between 
individual geotextile filaments with more soil being embedded. These factors 
contribute to the higher interface shear strength for the 15% condition as 
reported in Section 4.4.1.  
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Figure 4.28.Soil surface features and geotextile surface (part of GD) after shearing at 30kPa 
(a) Macro structure at 15% soil condition (b) Geotextile surface at 15% soil condition after 
shearing event. 
 
Micro features on the soil surface occurred for the higher soil water content 
conditions (20% and 25%) after shearing as shown in Figure 4.29(a) and 
4.30(a). Increases in normal stress applied give no further soil surface 
texturing due to the higher water content at the interface which agrees with 
undrained loading and shear strength principles. At this condition, the soil 
lumps becomes softer and the interaction at the interface tends to influence 
the soil surface change interaction at the clay-geotextile fibre scale. The 
micro soil structure behaviour shows very similar pattern on the soil surface 
for both of 20% and 25% conditions due to higher water content in soil. 
Figures 4.29 (b) and 4.30(b) show the geotextile fabric surface conditions 
after shearing at 20% and 25% soil conditions.  Most of the geotextile surface 
was coated in the soft soil surface due to higher water content conditions. 
Visual inspection of the geotextile samples show that more soft clay was 
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coated on the geotextile surface of 25% condition than 20% due to higher 
water content.  
 
Figure 4.29.Soil surface features and geotextile surface (part of GD) after shearing at 30kPa 
(a) Micro structure at 20% soil condition (b) Geotextile surface at 20% soil condition after 
shearing event. 
 
As the non-woven geotextile (part of GD) filled with wet clay and this 
condition increased the adhesion value for peak and large displacement 
shear strength of as-compacted water content condition of 20% and 25%. In 
particular it may be that the failure plane exists in the outer layer of the non-
woven geotextiles fibres which are clay filled and thus the shear strength is a 
combination of the fibres frictional strength together with the clays strength 
(Jones and Dixon 2003).  
The interaction mechanism on the soft soil interface influences the degree of 
contact between the clay and non-woven geotextile at high water content 
conditions. The wet interface may reduce the shear strength due to soil 
softening effects. The friction strength in between the particle lumps is weak, 
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which leads to sliding on the geotextile surface while shearing thereby 
reducing the interface friction which shows the undrained conditions.  
 
 
Figure 4.30.Soil surface features and geotextile surface (part of GD) after shearing at 30kPa 
(a) Micro structure at 25% soil condition (b) Geotextile surface at 25% soil condition after 
shearing event. 
 
Figure 4.31 shows the surface of the geotextile after shearing in soaked 
conditions with 30kPa normal stress applied. Compared with the as-
compacted condition, the geotextile fabric is thoroughly soaked and the 
geotextile fabric was completely covered with soft and wet clay. The 
interlocking mechanism at this wet interface condition only involves geotextile 
and softened clay. With little penetration of both into the core and hence 
limited the macro interaction. These weak conditions at the interface reduce 
the interface shear strength between the clay and GD. 
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Figure 4.31.Geotextile (part of GD) surface at 25% soil condition after shearing event. 
 
4.5 Relationship testing 
This section discuss the relationship of undrained shear strength and the 
variation of water content in soil between different methods of soil 
preparation (i.e. soil column test and the direct shear test), and for the 
standard and light compaction tests used in this study.  The methods used 
are discussed in Section 3.3, 3.5 and 3.6. 
The test results based on the range of preparation methods for the soil 
samples were plotted on the same graph to help correlate the shear strength 
properties. Figure 4.32, shows the relationship between the shear vane shear 
strength measurements for the different methods of soil preparation with a 
different range of water contents. The reduction in the strength of the soil with 
increasing water content is self-evident. 
    199 
 
Chapter 4 
 
Figure 4.32.Relationship for a range of soil preparations used in for different tests with the 
undrained strength measurements made using the vane apparatus.  
 
Overall, the undrained shear strength of the soil preparation using the 
standard compaction test is higher than other preparation methods as 
expected due to the greater energy used in compaction. Based on the 
standard compaction curve for Mercia Mudstone discussed in Section 4.2, 
the maximum dry density of 1.91Mg/m3 was achieved at an OMC of 13.5%. 
The highest strength of 100kPa was achieved for the standard compaction 
soil sample with 10% water content.  The strength of the soil samples in the 
DSA and column test reduced to 30kPa and below for the same water 
content (10%). The shear strength reduction was due to the different 
compaction energy for the soil preparations.  
The undrained shear strength of the soil prepared using the standard 
compaction test at OMC was about 60kPa compared with samples prepared 
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using light compaction method of 35kPa. While the DSA and soil column test 
soil samples show lower strengths, below 25kPa under OMC conditions. The 
undrained shear strength generally decreased with increasing water content. 
As the water content in soil increased to 20%, all soil samples have 
undrained shear strengths in a range around 10-20kPa. Increases in water 
content reduced the shear strength of the soil sample in both the DSA and 
soil column samples. Low shear strength obtained in DSA as water content 
increased to 22% and 27%. Under these water content conditions, the soil 
samples are soft and weak. Very low interface shear strengths are also 
obtained for similar soil conditions in the testing programme using as-
compacted conditions in the DSA. The results discussed in earlier sections 
show the interface shear strength reduced to 7.2kPa at 25% (i.e. 27% water 
content in soil).  The undrained shear strength of the soil sample in the soil 
column reduced consistently until 0kPa was achieved at a water content of 
42%.  
Direct readings of strength from the shear vane tests are probably one of the 
quickest, but not the most accurate, ways of getting a value of the shear 
strength of soil on-site. The shear vane must be physically pushed into the 
soil preparation layer and slowly rotating it at a standard rate of 0.1 degrees 
per second while measuring the resisting torque. By doing that, the soil is 
altered by pushing the soil in immediate contact with the shaft and vane 
together. However, this will only change the soil in a minor way, but it could 
still have some influence on the strengths measured.  
4.6 Field measurement on landfill capping systems at the 
Bletchley landfill cover trial site 
This section presents the findings obtained from the landfill cover trial site 
measurement on the soil water content and in-situ shear strength of the 
cover soil layer above different types of geosynthetic drainage materials. 
Laboratory testing results on the soil properties of Bletchley landfill cover soil 
are also presented and discussed in this section.  
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In order to examine the possible mechanism of interface shear strength 
reduction on the soil-geosynthetic drainage materials due to clay 
wetting/softening effects at the interface, field measurements were proposed. 
The details of the Bletchley landfill cover trial site and the methodology of the 
work are explained in Section 3.8. The field work occurred late on in this 
study and therefore the soil and the geosynthetics materials used in the 
laboratory work were not the same materials as those at the field site. The 
implications of soil water content for softening at the interface between the 
cover soil layer and geosynthetic drainage materials and its consequent 
effect on the interface shear strength, along with the potential impact on the 
landfill cover system stability, will be discussed in detail in this section. In 
addition, field measurements work from Zamara (2013) discussed in Section 
2.8 and Sąsiadek (2012) on the same field site will be used to further the 
discussion in Section 5.2.3  
4.6.1 Soil properties- Bletchley landfill cover soil 
The soil samples taken from above the geosynthetics drainage materials at 
the Bletchley landfill cover trial site panels were tested for several soil 
properties. The soil properties test methods are explained in Section 3.8.2. 
The average of Atterberg limits obtained by the cone penetrometer test for 
the Liquid Limit (LL) and the rolled thread for the Plastic Limit (PL) (BS 1377 
Part 2 (1990) are shown in Table 4.5, which classifies the fill material as 
being of intermediate plasticity clay (CI) according to the Casagrande 
plasticity chart (BS 1377 Part 2, 1990). 
 
Table 4.5.Atterberg Limits results for the Bletchley landfill cover trial site soil. 
Liquid limit (LL) 
 (%) 
Plastic limit (PL) 
 (%) 
Plasticity Index (PI) 
 
50 21 29 
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4.6.2 Compaction test on Bletchley landfill cover soil 
The standard compaction test for the Bletchley landfill trial site soil sample 
procedure and details have been explained in Section 3.8.2. In the case of 
the Bletchley soil sample, the results are based on the compaction graph 
presented in Figure 4.33. It was determined that the maximum dry density of 
1.630Mg/m3 was achieved at an OMC of 20%. The percentage of air void at 
the OMC is 8%. 
 
Figure 4.33.Bletchley landfill cover trial site soil material compaction curves. 
4.6.3 Water content of the cover soil above the geosynthetic drainage panel. 
The section describes the finding of the field measurement on water content 
of the cover soil layer above different types of geosynthetic drains/compacted 
clay layer (CCL), on the landfill cover trial panel at Bletchley. The general 
instrumentation to study the hydraulic performance of cover soil layer on the 
Bletchley trial site was explained in Zamara (2013) in Section 2.8. As this 
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study uses the same trial site, the soil sampling procedure and laboratory 
testing methods for water content and shear strength of the landfill cover soil 
are explained in Section 3.8.3. The range of soil water contents above the 
geosynthetic drainage materials on the trial panels is discussed and the most 
important findings on the water content at the soil-geosynthetic drainage 
interface are noted. In addition, the undrained shear strength of the cover soil 
at different heights above the geosynthetic drain layer has been measured. 
The effects of soil water content and any soil softening behaviour on the 
interface shear strength are described.  
Field monitoring work by Zamara (2013) was focused on investigating the soil 
pore water pressure distribution along the landfill capping slope and its 
influence on the stability and drainage system requirements. The landfill 
capping studies involved several stages including full-scale site monitoring, 
numerical modelling and laboratory/site tests. The focus was on the 
geosynthetic drainage performance of the landfill cover systems. The details 
of the instrumentation and the position of the sensor installations are 
discussed in Section 2.8 
The mechanisms involved in this study related to Zamara’s work are the 
measurement of volumetric water content of the cover soil layer, the pore 
water pressure measurement in the cover soil and drainage layer outflow. 
Sąsiadek’s (2012) data was used in this study focused more on the 
volumetric water content of the cover soil layer for the same trial panels as 
Zamara (2013). All the positions for the measurements are clearly described 
in Section 2.8. Based on the measurement of water content on the same trial 
site in this study, the comparison can be made based on the average due to 
the different measurement positions taken in Zamara (2013). The nearest 
measurement position is taken as the average and the pattern of the results 
discussed. 
The results of water content and the corresponding shear strength of the 
cover soil layer above the Panel 1 (Geocomposite drain), Panel 2 (Soil only), 
Panel 3 (Geotextile) and Panel 4 (Geocomposite with band drain) are 
discussed in this section.  As Panel 4 consisted of a geocomposite with band 
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drains, measurement of the water content and shear strength of the soil have 
been done at two different locations which are above a band drain location 
and above a geotextile only, without the band drain.  
Table 4.6 shows the average of water content of the cover soil layer at 
different heights above geosynthetic drains/CCL and the positions relative to 
the toe position for Panel 1, 2, 3 and 4. The results are based on average 
values. 
The water content of cover soil layer at immediate above interface position 
above geosynthetic drains/CCL showed in a blue colour and mid height of 
the cover soil position with a green colour. The plastic limit (PL=21%), liquid 
limit (LL=50%) also plotted in the same histogram with black dotted lines and 
the OMC=20% of landfill cover soil shown in the red dotted line. 
The most important finding is related to the measurements of water content 
at the interface of the soil-geosynthetic drainage in all panels. Based on the 
histogram, most of the water content in the cover soil layer at the immediate 
above interface exceeds that at the mid height of the cover soil position 
above the interface at each panel. The highest water contents of the cover 
soil at the interface was found on Panel 4 with no band drain (with blue 
colour) especially at the toe position (0m) of the panel with a water content of 
40%. The water content increased to about double the PL value of the soil 
(PL= 21%). In contrast, Panel 1 with geocomposite drain material shows the 
lowest water content at the immediate above interface around 24% at 5m 
from the toe position of the panel. 
Panel 1 (with geocomposite drain (GD) layer) shows the highest water 
content at the immediate above interface especially at the toe position (0m 
from toe) with 34%. The water content of cover soil at mid slope height of the 
cover soil is also higher at the toe position (0m). In contrast, the water 
content of cover soil at both heights above GD at 5m from toe showed the 
lowest water content in the panel with 24% and 27%. But the water content at 
5m, 10m and 20m from toe was similar for both heights. On average, the 
water content in cover soil layer above GD of Panel 1 increased to 29% from 
the PL of 21%.  
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Table 4.6. Average water content of soil at different heights above geosynthetic drain/soil 
interface and position from toe for Panels 1, 2, 3 and 4. 
Panel 
Height above 
geosynthetic 
drain/CCL (m) 
Water content (%) 
Position from toe 
0 m 5 m 10 m 20 m Average
1 
0.20m (Mid height 
of the cover soil) 31.40 26.56 29.88 26.73 28.64 
0.025m (Immediate 
above interface) 
34.06 23.80 28.62 27.31 28.45 
Average 32.73 25.18 29.25 27.02 28.50 
2 
0.20m (Mid height 
of the cover soil) 
35.26 35.34 36.32 34.51 35.40 
0.025m (Immediate 
above interface) 36.71 35.95 38.34 31.64 35.66 
Average 36.00 35.65 37.33 33.08 35.53 
3 
0.20m (Mid height 
of the cover soil) 36.21 27.07 29.70 28.99 30.50 
0.025m (Immediate 
above interface) 36.60 32.61 29.07 31.24 32.32 
Average 36.41 29.84 29.39 30.12 31.41 
4 (with 
band 
drain) 
0.20m (Mid height 
of the cover soil) 28.13 - 27.52 - 27.83 
0.025m (Immediate 
above interface) 36.11 - 29.08 - 32.60 
Average 32.12 - 28.30 - 30.22 
4 (with 
no band 
drain) 
0.20m (Mid height 
of the cover soil) 35.85 - 29.59 - 32.72 
0.025m (Immediate 
above interface) 40.06 - 29.67 - 34.87 
Average 38.00 - 29.63 - 33.80 
 
Panel 2 with no geosynthetic drain show the highest average of water 
content of cover soil with 36% compared to other panel as stated in the Table 
4.6. The water content was similar at both heights above CCL and at all 
positions from the toe.  
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Figure 4.34.The range of water contents at different heights above geosynthetic drains/CCL interface for Panels 1, 2, 3 and 4 
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Panel 3 consists of a non-woven geotextile as the drainage material layer. 
The water content of cover soil results obviously high at the toe position (0m) 
for both heights above geotextile with similar value of 37%. While other 
positions in the panel showing quite similar in soil water content accept at the 
interface of 5m from toe show higher with 33%. In average the water content 
in cover soil layer of Panel 3 increased to 31% from the PL of 21%. The 
measurement of the water content at Panel 4 with no band drain can be 
compared with Panel 3 due to similar drainage material (i.e. non-woven 
geotextile).  
Panel 4 consisted of geocomposite with band drains, measurement of the 
water content of the soil have been done at two different locations which are 
above a band drain location and above geotextile only, without the band 
drain. Only two positions from toe (0m and 10m) have been measured as 
discussed in Section 3.8.3. The highest water content in cover soil layer 
measured at the interface (with blue colour) above geocomposite with no 
band drain at toe position (0m) with 40%, is the highest among all panels. 
The water content measured at the interface of geocomposite with band 
drain is also higher at the same position of toe (0m) (around 36%). Very 
uniform water content was found for both heights above geocomposite 
without band drain and slightly similar above geocomposite with band drain 
at 10m from toe with average of 29%. On average the water content in cover 
soil layer of Panel 4 increased to 32% from PL of 21%. 
As Panel 3 and Panel 4 (geocomposite with no band drain) consisted of the 
same drainage material (i.e. non-woven geotextile), the results show 
similarities and consistency in water content especially at the interface above 
the geotextile at the toe position (0m). Higher water content is found at the 
same position of both panels. The water content for both heights above the 
geotextile at toe position (10m) is also measured uniformly for both panels.  
Generally, most of the higher water content in cover soil above geosynthetic 
drains/CCL measured in the landfill cover trial panel at Bletchley was found 
at the interface rather than higher in the soil especially at the toe position. 
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The water content at all positions of the cover soil layer increased above the 
PL of cover soil value as shown in the histogram.  
Figure 4.35 shows the histogram comparing the average water content in the 
cover soil layer above the geosynthetic drains/CCL between this study and 
Zamara (2013) and Sąsiadek (2012) data. Overall, higher water content 
measurement is shown in this study compared to Zamara (2013) and 
Sąsiadek (2012) at all panels due to the measurement taken three years 
after the previous study. The changes in relative water contents in the soil 
above geosynthetic drains are expected because of weather and season 
change throughout the year.  
The values of water content on panels at all measurement positions 
increased in time except for Panel 1, especially at the toe position where the 
water content showed a decrease from the previous study measurement. 
The Zamara (2013) and Sąsiadek (2012) study shows clear higher water 
contents in the cover soil above GD in Panel 1 especially immediately above 
the interface of GD with 40% at toe and 32% at middle position of the panel. 
The water content of soil at mid height of cover soil above GD at the toe had 
a slightly higher moisture value than the middle position of the panel. In this 
study, as in that reported by Zamara (2013) and Sąsiadek (2012), 
measurements were made immediately above the interface and the mid 
height of cover soil, and these show higher water contents at the toe 
compared to the middle position of the panel. However, the water content on 
Panel 1 (i.e. immediate above interface) of Zamara (2013) and Sąsiadek 
(2012) was higher than this study. This is the only position of the panel 
measured with higher water content than this study while other showed lower 
water content as expected.  
The water contents of Panel 2 are almost uniform in all positions above CCL 
similar as Zamara (2013) and Sąsiadek (2012) with average of 25%. Very 
similar pattern of water content above CCL at all positions of the panel are 
also obtained in this study. Lower water contents were found immediately 
above the interface in the middle position of Panel 3 in Zamara (2013) and 
Sąsiadek (2012). But the measurement of water content of Panel 3 in this 
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study showed the opposite relationship. A very similar average of water 
content in soil for Panels 2 and 3 at the locations immediate above interface 
of toe position (i.e. 34%) and middle positions are found in this study. No 
data for mid height of the cover soil position/high sensor for Panel 3 is 
presented by Zamara (2013) and Sąsiadek (2012) as no sensors were 
installed. 
Zamara (2013) and Sąsiadek (2012) measured similar water contents at all 
positions above the geocomposite with the band drain material (Panel 4) 
giving an average of 22%. But the water content at the toe and mid height of 
cover soil at Panel 4 showed a bit higher than other positions.Obvious 
increases cover soil water contents were obtained at locations immediately 
above the interface of Panel 4 at the toe position. 
Overall, the average water content in Panel 1 (28.5%) is slightly lower when 
compared with other panels (Panel 3, 31.4% and Panel 4, 32%). However, 
Panel 2 without any geosynthetic showed the highest average water content 
in the cover soil of 35.5%. All the geosynthetic drains consist of non-woven 
geotextile as part of the material, except Panel 4. This positively showed the 
effectiveness of geosynthetic drains as a drainage layer to control the water 
content of cover soil in landfill capping systems, with an expectation that they 
will improve the stability of the structure.  
The most important finding that needs to be considered as the application of 
geocomposite drain in the landfill capping system is the potential for higher 
water content at the interface above geosynthetic drain especially at the toe 
position of the panel. Zamara (2013) and Sąsiadek (2012) confirmed the 
higher water content of the cover soil at the interface obtained in Panel 1(GD) 
as obtained in between lower sensor (at the interface) and toe position, these 
results are similar to those herein. 
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Figure 4.35. A histogram comparing the average water content in cover soil layer above geosynthetic drains/CCL of this study with measurements 
reported by Zamara (2013) and Sąsiadek (2012).
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The higher water content of the cover soil at the interface of the geosynthetic 
drain potentially softens/weakens the cover soil layer at the interface due to 
water accumulation above the geosynthetic drain. Over extended periods this 
will reduce the shear strength of the cover soil, hence affecting the stability of 
the cover system. Therefore, the effect of the cover soil layer water content in 
each panel can be related to the shear strength measurements for the same 
positions on each panel. The performance of shear strength and the 
influence of water content in the soil cover layer will be discussed further in 
Section 4.6.5. 
4.6.4 In-situ shear strength of the cover soil above the geosynthetic drainage 
panel. 
This section presents the results for in-situ shear strength measurement of 
the cover soil layer above the geosynthetic drains/CCL at the Bletchley 
landfill cover trial site. The undrained shear strength of the cover soil layer of 
each panel was measured with vane in a vertical orientation and horizontally 
to measure soil immediately above the geosynthetic drain. The vane strength 
of the cover soil was measured vertically at two different heights: immediate 
above interface (0.05m above the geosynthetic drain) and the mid height of 
the cover soil (0.2m above the geosynthetic drain). The horizontal vane 
strength were measured immediate above interface (0.025m height above 
the geosynthetic drain). Details about the field measurement methods are 
discussed in Section 3.8.3 and Figure 3.25 shows the position of measured 
in-situ shear strengths of cover soil layer above geosynthetic drains/CCL. 
The results presented in Figure 4.36 to 4.39 shows the undrained shear 
strength of cover soil with different heights above the geosynthetic 
drains/CCL of each trial panel (Panel 1, 2, 3 and 4). The position from the toe 
measured at 0m, 5m, 10m and 20m of the panel shown in different colours in 
the graph.  
Table 4.7 shows the average of undrained shear strength of the cover soil 
based on these data. The results also presented.  
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Table 4.7.Average undrained shear strength of soil at different heights above the 
geosynthetic drains/CCL of Panels 1, 2, 3 and 4. 
Panel Height above geosynthetic drain (m) 
Undrained shear strength 
(kPa)  
Position from toe  
0 m 5 m 10 m 20 m Average
1 
0.20m (mid height of the 
cover soil) 4.80 11.20 11.80 17.60 11.40 
0.05m (immediate above 
interface) 11.20 15.60 13.40 16.20 14.10 
0.025m (immediate above 
interface) 5.80 4.20 10.00 14.40 8.60 
Average 7.30 10.30 11.70 16.10 11.37 
2 
0.20m (mid height of the 
cover soil) 18.20 17.20 18.00 11.80 16.30 
0.05m (immediate above 
interface) 24.00 25.00 28.00 21.20 24.60 
0.025m (immediate above 
interface) 8.00 9.20 9. 00 5.80 8.00 
Average 16.70 17.10 24.00 12.90 16.30 
3 
0.20m (mid height of the 
cover soil) 10.00 14.40 19.20 13.20 14.20 
0.05m (immediate above 
interface) 8.00 24.00 23.60 19.00 18.70 
0.025m (immediate above 
interface) 6.20 11.20 7.40 5.80 7.70 
Average 8.07 16.50 16.70 12.70 13.53 
4 
(with 
band 
drain 
0.20m (mid height of the 
cover soil) 16.40 - 10.60 - 13.50 
0.05m (immediate above 
interface) 14.00 - 18.80 - 16.40 
0.025m (immediate above 
interface) 9.60 - 8.80 - 9.20 
Average 13.3 - 12.7 - 13.03 
4 
(with 
no 
band 
drain) 
0.20m (mid height of the 
cover soil) 12.40 - 13.60 - 13.00 
0.05m (immediate above 
interface) 13.00 - 10.80 - 11.90 
0.025m (immediate above 
interface) 12.80 - 9.80 - 11.30 
Average 12.73 - 11.40 - 12.06 
Overall Average 
0.20m (mid height of the cover soil) 13.80 
0.05m (immediate above interface) 17.90 
0.025m (immediate above 
interface) 8.60 
 
For Panel 1 the highest shear strength of the cover soil is at 20m from toe 
position for all heights measured above the GD in between 14kPa to 18kPa. 
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While the lowest shear strength of cover soil measured at immediate above 
interface position (0.025m) at toe (0m) with 4.2kPa. Figure 4.36, on average, 
most of the lowest shear strengths are at the interface. The undrained shear 
strength at immediate above interface (0.05m) always measured higher than 
other position above GD (in between 11 to 16kPa) except at 20m from toe.  
 
 
Figure 4.36.Undrained shear strength of soil at different heights above the geocomposite 
drain, position from toe (0 m) to the middle (20 m) of Panel 1. 
 
The undrained shear strength of cover soil at different height above CCL of 
Panel 2 (no geosynthetic drain layer) is shown in Figure 4.37. The shear 
strength of the cover soil is very consistent at each height. The undrained 
shear strength of soil at the interface above CCL obtained the highest shear 
strength at all position from toe followed by mid height of the cover soil and 
immediate above interface (0.025m) above CCL. The highest shear strength 
is at 10m from the toe with 28kPa (green line). In contrast, the lowest shear 
strength is measured at the interface (0.025m) at all position from toe 
between 6 to 9kPa. On average, the lowest shear strength is obtained at 20m 
from toe for all positions and the highest strength measured at 10m from toe.  
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Figure 4.37.Undrained shear strength of soil at different heights above the compacted clay 
layer, position from  toe (0 m) to middle (20 m) of Panel 2. 
 
The undrained shear strength above the non-woven geotextile layer for Panel 
3 is shown in Figure 4.38. Very low shear strength is shown at the toe 
position (0m) (blue line). The lowest shear strength obtained at the interface 
is as low as 6kPa. While, the highest shear strength is measured immediately 
above the interface from toe (24kPa).  
Panel 4 consisted of geocomposite with band drains, measurement of shear 
strength have been performed at two different locations which are above the 
band drain location and above the geotextile only. Only two positions from 
toe are measured for Panel 4 (0m and 10m from toe) as explained in Section 
3.8.2.  
Figure 4.39 show the undrained shear strength of Panel 4. The shear 
strength measurements made above the geocomposite (with band drain) at 
the 10m position (red line) shown quite a different shape compared to the 
other positions. The highest shear strength of soil above geocomposite with 
band drain at the 10m position measured immediately above interface 
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(0.05m) with 18.8kPa while others obtained lower shear strength at the 
interface (0.05m) in between 11 to 14kPa. The lowest shear strength is 
measured above the geocomposite with a band drain at 10m position at mid 
height of cover soil (11kPa) and interface (0.025m) (8kPa)  
 
Figure 4.38.Undrained shear strength of cover soil at different heights above the non-woven 
geotextile drain, position from the toe (0 m) to the middle (20 m) of Panel 3. 
 
Based on the field measurement work the in-situ shear strength of the landfill  
cover soil, most of the shear strengths obtained immediately above the 
interface (0.025m) is lower than further above the geosynthetic drains 
immediate height (0.05m) and mid height of the cover soil (0.20m)).  Lower 
shear strengths in the cover soil are also found at the interface and drain at 
the toe position (0m from toe position) than the middle position (10m from toe 
position) of the panel (i.e. halfway up the slope), with the reduction of shear 
strength around 50% especially at Panel 1 due to higher water contents 
found.  
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Figure 4.39.Undrained shear strength of soil at different heights above geocomposite with 
band drain side (D) and drain with no band side (ND), position from the toe (0 m) to the 
middle (20 m) of Panel 4. 
 
Relatively low values of undrained shear strength at mid height layer are 
obtained compared to immediately above the interface (0.05m). This 
behaviour can be due to water infiltration through the cover soil from the 
surface and may soften the soil at the upper layer. Highest shear strengths 
are found in the 0.05m layer as this is furthest from water flowing down from 
surface and far enough from water moving upward from the geosynthetic 
drainage interface, and which can cause soil softening at the interface.  
The reduction of in-situ shear strength of cover soil at the interface and toe 
positions above the geosynthetic drains can be related to the capillary break 
behaviour that causes water accumulation above the geosynthetic drain, and 
hence softening in the cover soil layer. The performance of shear strength 
and the influence of water content in the soil cover layer will be discussed 
further in Section 4.6.5. 
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4.6.5 The relationship of the field measurements on landfill cover soil layer at 
Bletchley. 
This section discusses the relationships obtained from the findings of the field 
measurement work on the water content and in-situ shear strength. The field 
measurements include water contents for the cover soil layer above drainage 
elements at Panel 1 (geocomposite drain), Panel 2 (no drain), Panel 3 (non-
woven geotextile drain) and Panel 4 (geocomposite with and with no band 
drain side) and these are presented in Section 4.6.3.  
The relationship between the water content and undrained shear strength of 
cover soil layer at Bletchley is presented in Figure 4.40. The histogram 
shows the range of measurements of water content (shown using bar graph 
with green and blue colour representing the different positions within the 
cover soil above the geosynthetic drains) and undrained shear strength of 
cover soil above geosynthetic drains/CCL (showed using markers with 
different colour to represent the position of measurement locations in cover 
soil above geosynthetic drains) for Panel 1, 2, 3 and 4 at each position of the 
panel.   
The overall findings on the water content of the cover soil layer above 
geosynthetic drains/CCL in landfill cover systems demonstrate that the higher 
water contents are found at two positions: (1) increased water content at the 
interface of soil cover layer and geosynthetic drainage layer parallel to the 
slope along the panel and (2) higher water contents of the soil cover layer at 
the interface of soil cover layer and the drain layer at the toe position. Based 
on the results of water contents discussed in Section 4.6.3, the overall 
findings show the water content of the cover soil layer in all drainage panels 
increased more than the plastic limit of the cover soil (21%).  
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Figure 4.40. The histogram shows the range of measurements of water content and undrained shear strength of cover soil above the geosynthetic 
drains/CCL for Panel 1, 2, 3 and 4 at each position on the slope and height above drain.
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Increased water content in the cover soil at the interface above the 
geosynthetic drains, might be related to the presence of capillary break at the 
interface that increases the water content of the soil layer above as proposed 
by McCartney et al. (2005), Zornberg et al. (2009), Zornberg (2010) and Iryo 
and Rowe (2003, 2004) as discussed in Section 2.5.2. The soil-column test 
results in this study also agreed with the field measurement findings above.  
These soil-column tests confirmed that capillary break occurs for the tested 
combination of soil and geotextile (part of GD) generating a significant 
increase in the amount of water in the soil layer above the GD. The above 
finding supports the statement explained in Section 2.5.1, where the 
phenomenon of capillary break can occur at the interface of two materials 
with a large difference in pore sizes (i.e. clay overlying a non-woven 
geotextile) hence the water will not flow from the soil into the underlying layer.  
The higher water contents of the cover soil layer found at the interface with 
the drain layer at the toe position can also be related to the water build-up 
behaviour at the toe position and flowing out of the geosynthetic drains into 
the cover soil and soaking the soil layer at the interface. This behaviour is 
discussed in several case studies on landfill cover systems in Section 2.7. 
The water build-up behaviour as above can be related to several 
factors/mechanism related to drainage outlet at the toe of the GD that causes 
water to be restricted from draining to the outlet. These  include: blockage, 
clogging due inadequate filter design, inadequate flow-carrying capacity, 
damage to the outlet pipe, or freezing of water in the pipe as discussed by 
Richardson and Paruvakat (2000), Richardson and Pavlik (2004) and 
Siebecker (2005). The gentle inclination of the slope of the cover soil system 
may cause water build up at the outlet (toe position).  
Heavy rainfall events can cause overflow of water and hence flow upwards to 
the geosynthetic drainage interface. The detailed discussion on the 
behaviour can be referred to in Section 2.8. Even when the drainage system 
is functioning properly, the outlet pipes may restrict the outflow of water 
during uncontrolled heavy rainfall events, as discussed by Richardson and 
Pavlik (2004) and Siebecker (2005).  
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In conclusion, the soil softening behaviour at the interface of cover soil and 
geosynthetic drains in landfill cover systems potentially occurs due to 
capillary break and water build-up behaviour as discussed earlier in this 
section. This behaviour may reduce the interface shear strength of cover soil 
and be the primary reason to cause failure of the landfill cover system. 
Further discussion on the measured behaviour related to the design and 
implication to the stability performance of the cover system is discussed in 
Chapter 5. 
4.7 Summary 
This chapter presents the results and discusses the main findings and trends 
in measured behaviour from a series of laboratory tests including an 
infiltration test using a small soil-column, interface shear strength tests with 
DSA and field measurements work on landfill cover at the Bletchley trial site.  
The infiltration tests were performed using small soil-columns on CRIB 
condition to evaluate the influence of water build-up on the interface 
conditions between the soil and a geocomposite drainage layer, and the 
consequent effect on the strength of the soil at the interface. Specific trends 
of behaviour drawn from this testing programme include the following: 
 Consistent with the findings of previous studies reported in the literature, 
geocomposite drainage layers in contact with fine grained soils can 
develop a capillary break that results in the accumulation of water above 
the interface. This mechanism can lead to softening in fine-grained soils 
which reduces the shear strength and hence the potential stability of the 
interface.  
 The water content of soil layer above GD due to capillary break was found 
to increase by an average of 36% by the end of testing.  
 The amount of water held in the soil due to capillary break increased by 
more than 100% of the initial amount of water and close to the liquid limit 
of the soil tested.  
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 The soil in the layer 0-20mm above the geocomposite drain element 
contained higher water contents compared to the soil in the layer 20-
40mm above the geocomposite drain. This shows water had percolated 
downwards to reach the interface and indicates that capillary break 
behaviour caused water to accumulate above the soil-geocomposite drain 
interface without breakthrough.  
 Flow through the geotextile upper layer was not measured hence 
confirming the existence of a capillary break.  
 The shear strength on this softened soil layer adjacent to the geotextile 
reduced to <10kPa.   
 
A series of interface shear strength tests using DSA on soil-geocomposite 
drain interfaces has been performed. The influence of soil softening at the 
interface related to water content conditions (i.e. as-compacted and soaked 
condition) is presented. Based on the presented results, the main 
observations on behaviour can be summarized as: 
 The presented test results show that the influence of soil water content 
was relevant for soil-geocomposite drain interface shear behaviour. 
 The interface resistance decreased more than 50% when soil water 
content changed from low water content (10% and 15%) to high water 
content (20% and 25%) conditions. 
 In undrained conditions the interface shear strength is dependent on the 
undrained shear strength of clay and hence, moisture conditions at the 
interface. 
 The as-compaction water content controls the soil-geotextile interaction 
and dry unit weight of soil, whereas soaking only modifies the in-place soil 
conditions. Soaked conditions give higher interface strength conditions 
than as-compacted water contents condition (25%) prior to wetting, with 
soil only local to the interface softening and the above the soften interface 
was at the as-compacted optimum moisture value. But in as-compacted 
conditions the soil is mixed with the given percentage of water, which is 
therefore uniform throughout the layer.  
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 Increases in normal stress applied to the soaked condition samples will 
increase the shear strength in parts of the soil layer that are not fully 
saturated but not in the high water content soil at the interface which is 
close to saturated. For the soaked zone at the interface, the shear 
strength will be independent of the applied load due to the undrained 
loading conditions.  
 Peak interface shear strengths are significantly higher for 15% conditions 
of soil compared with others and can be due to the great interlocking in 
between soil lumps and the non-woven geotextile fabric that increases the 
contact of fibres. In addition, the drainage core part of GD may have 
significant effects on the interface resistance due to compaction process. 
 
The fieldwork measurement on the landfill cover system at Bletchley is used 
to measure the range of soil water contents above different geosynthetic 
drainage materials on the trial site. The focus is on the water content at the 
soil-geosynthetic interface. In addition, the in-situ undrained shear strength of 
the cover soil at different heights above geosynthetic drainage has been 
measured. The effect of soil water content, or any soil softening behaviour of 
the soil above a geosynthetic drain of the soil-geosynthetic interface shear 
strength is described.  
The important aspects of observed behaviour from the field measurement 
results are summarized below: 
 The soil water content measured at different heights above the 
geosynthetic drain at each panel shows the excessive water contents 
greater than PL of the soil.  
 The highest water content at the interface (0.025m) above a geosynthetic 
drain was found to be double the PL of the cover soil. This behaviour is 
linked to soil softening behaviour at the interface due to the higher water 
contents and reduced shear strength of the soil-geosynthetic drain. This 
will affect the stability performance of the landfill cover system. 
 The undrained shear strength of the cover soil is dependent on the water 
content in the soil layer. The majority of the shear strength of the cover soil 
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measured at lowest height position above geosynthetic drain (at interface) 
is lower than the other positions at greater heights above the geosynthetic 
drain. Most of the shear strength of the cover soil measured at lowest 
height position and toe position (0m) is showed lower than the further 
position from toe. The higher water content of the cover soil at the 
interface can be related to the capillary break behaviour where water may 
accumulate at the interface and prevent the water from flows to the drain 
due to capillary action in between two different layers (i.e. geosynthetic 
drainage and soil). Higher water content of the soil cover layer at the 
interface also can be due to water build up from the toe upward to the 
geosynthetic drainage interface, hence soften the soil at the interface. This 
behaviour can be related to the water restricted from draining to the outlet 
due to several factors including damage or clogging at the outlet that 
restrict water from draining out. Heavy rainfall events can cause overflow 
of water and tend to flow upward to the geosynthetic drainage interface. 
This above behaviour may lead to soil softening at the interface due to 
high water content and reduced shear strength of the soil-geosynthetic 
drain hence affecting the stability performance of the landfill cover system.  
 The application of geosynthetic drainage material helps to improve the 
drainage system of the landfill cover by reducing the water content of the 
panel.  But at the same time, at certain positions, higher water content is 
indicated especially at the interface between the soil and geosynthetic 
drain especially at the toe position of the panel.  
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CHAPTER 5  
Discussion of results and implications 
5.1 Introduction 
This chapter discusses the main findings of the results presented in Chapter 
4 and provides a discussion of the significance. Initially, the experimental 
work on infiltration test using the small soil-column is discussed followed by 
the interface shear strength measurements using a large direct shear 
apparatus. The field measurements from the landfill cover trial site at 
Bletchley are discussed in the context of the findings of Zamara (2013) and 
unpublished data by Sąsiadek (2012). Finally, the implications of these 
results for the stability of the landfill capping system based on the design and 
field assessment are considered.  
5.2 Main findings  
This section presents the main findings of this study related to the 
performance of softening of the cover soil layer at the interface with a 
geocomposite drain and the effects related to the stability performance of the 
landfill cover system.  
5.2.1 Formation of capillary break at the soil-GD interface 
This section discusses the main results and the implications obtained from 
the infiltration test using the small soil column on CRIB conditions. In this 
study, the experimental results on the soil-geocomposite drain layer (i.e. 
Mercia mudstone and GD with non-woven geotextile overlaying the cuspated 
core) using the column test have been presented in Section 4.3. Two set of 
tests were considered in the infiltration soil-column testing programme as 
stated in Section 3.5.1. Geocomposite drains with different thickness (i.e. 
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6.1mm and 4.6mm) were used and each set of tests comprised three 
samples for each thickness tested for repetition of the results. But based on 
the findings (Section 4.3.1 and 4.3.2) there is no difference in the 
performance of materials with different thickness. Therefore, in the interface 
shear strength testing programme using DSA, only GD with 6.1mm thickness 
was used.  
To generate flow across a soil-geotextile boundary involves overcoming the 
capillary interaction process between materials and is defined herein as 
Capillary-Related Interface Breakthrough (CRIB). CRIB represents the 
transition of a soil-geotextile interface from a hydraulically non-conductive 
state to a conductive state. For a detailed explanation of CRIB see Section 
2.5.1. Key to understanding the capillary break behaviour is the assessment 
of water flow in the soil-geosynthetic profile using the column test as 
reviewed in Section 2.5.2. The detailed explanation of the phenomenon of 
capillary break at the interface of soil and geotextile is provided in Section 
2.5.1.  
The infiltration test using the soil-column on CRIB conditions has clearly 
shown the development of capillary break at the interface between soil and 
non-woven geotextile (parts of GD) even when the geotextile is reported as 
having a 0mm breakthrough head (i.e. information provided by the 
manufacturer). This is consistent with the findings of previous studies 
reported in the literature for geocomposite drain/geotextile layers in contact 
with fine grained soils (Zornberg et al. 2009 and Zornberg 2010).  These 
materials can develop a capillary break that results in accumulation of water 
above the interface.  
The water content in a soil layer above a GD increased and water 
accumulated for several hours before starting to drain or in some cases there 
was no breakthrough after 24 hours of testing. This led to softening of the soil 
layer above GD. In addition, the water content of soil at the interface is a 
maximum compared to further above the GD. This shows water has reached 
the interface and indicates capillary break behaviour causing water to 
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accumulate above the soil-geocomposite drain interface without 
breakthrough.  
In addition, the water content measured in the soil layer from 0 to 20mm 
above the GD is higher than at 20 to 40mm above the GD for each test after 
testing. It has to be considered that much of the water is held in the void 
spaces between the clumps of soil as the soil in the column is poorly 
compacted as would be the case on-site in a cover soil layer in landfill 
capping system. The soil water content at the interface above GD due to 
capillary break increased by more than 100% of the initial amount of water 
and close to the liquid limit of the soil tested. The shear strength of this 
softened soil layer adjacent to the geotextile reduced to <10kPa from 17kPa 
(initial stage).  
Further experimental work on the soil-column test using full-scale size of 
landfill cover system and soil and materials from site is recommended to 
improve the amount of data available on this mechanism and to help 
designers choosing the parameter for use in design/ stability analyses. The 
measurement of water content in soil layer at different heights above GD 
could be improved in future testing by using TDR sensors installed in the soil 
layer. The results for specific heights of cover layer would be more accurate 
using full-scale size apparatus. Long-term testing may also give more 
appropriate results on t behaviour related to this study (i.e. capillary break). 
5.2.2 Interface shear strength of a soil-GD system 
This section discusses the findings obtained from the interface shear strength 
testing on soil-geocomposite system using a large DSA. A total of 36 direct 
shear tests of soil-GD interfaces were performed under as-compacted 
conditions and 9 tests with soaked conditions in the interface shear strength 
using DSA test programme. The soil-GD interfaces were tested with normal 
stresses ranging from 10 to 30kPa which simulates the range of low normal 
stresses to which typical landfill capping system interfaces are subjected as 
discussed in Section 2.4.1. 
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The testing was designed to evaluate the effects of different as-compacted 
conditions of water content in soil and soaked conditions that cause soil 
softening behaviour that may affect the interface shear strength 
characteristics. The soaked conditions were designed to represent the 
possible situation of a landfill soil cover layer after wetting (e.g. heavy rainfall) 
or to replicate the soil softening effect at the interface due to capillary break 
behaviour or water build-up from toe position inside the geocomposite drain.  
In undrained tests, the interface shear strength of soil-geocomposite drains 
will be dependent on the undrained shear strength of clay linked to water 
content conditions at the interface, as increases in water content will affect 
the interface resistance effectively. The interface shear strength of soil/GD 
measured using DSA on the as-compacted water content and soaked 
conditioned of soil confirms that the influence of soil water content was 
relevant for soil-geocomposite drain interfaces. The as-compacted condition 
controls the soil-geocomposite drain interaction while the soaked condition 
only modifies the in-place soil water conditions.  
Placement water content of soil for both testing conditions seems to have a 
considerable effect on the interface performance of soil-GD layer system. 
The soil softening behaviour at the interface due to soaked, give higher 
interface shear strength than higher as-compacted water contents of soil/GD.  
As under soaked condition, only the soil layer at the interface above 
geocomposite drain is soften. The soil above the soften layer is in initial as-
compacted state and this layer support the soften soil to increase shear 
strength at the interface. Increased in normal stress applied to the soaked 
zone at the interface will increase the shear strength in parts of the soil layer 
but not in the high water content samples (i.e. close to saturated) due to 
undrained loading conditions. 
Soaked conditions give higher interface friction than comparable wet as-
compacted water contents, due to low compacted densities initially achieved, 
with only the soil local to the interface softening in soaked tests. Therefore 
soaked tests are more realistic in replicating field behaviour of soil/drain 
systems under operational conditions. Mixing the percentage of water in soil 
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(i.e. as-compacted water content conditions) is not representing the real 
condition in the field. Since the geocomposite drain used was the same in all 
tests, all the differences between tests can be attributed to the clay properties 
and test conditions. This means that, for a given geosynthetic, the complete 
failure criteria (at the interface) are controlled by the overlying soil and this 
aspect should be emphasized in design specifications and construction 
control.  
Higher interface shear strengths obtained for soil water contents at near to 
the Plastic Limit (PL=17%). This is due to the interaction mechanism and 
great interlocking in between soil lumps and non-woven geotextile fabric that 
increases the contact area. In addition, the drainage core part of GD may 
have a significant effect on the shear strength mechanism.  
The interlocking mechanism between soil lumps, geotextile fabric and GD 
core interaction at the interface while shearing may produce a non-planar 
shear surface that requires greater shear stresses to deform. These 
mechanisms are likely to influence the magnitude and behaviour of shear 
strength of interfaces. Jones and Dixon (1998) also agreed that the textured 
geosynthetic surface improved the interface shear strength. The light and 
flexible non-woven geotextile fabric can be easily influenced by the drainage 
core dimple pattern while shearing due to the normal load imposed. The 
geotextile surface can easily form a dimpled pattern by being pushed into the 
drainage core. In addition, the lightly compaction of clay placement above 
GD in the DSA provided minimal deformation of non-woven geotextile and 
clay lumps into the dimple core, generating a textured and non-planar 
interface, with the degree of interaction being influenced by the placement of 
water content and compactive effort employed.  
The soaked condition method of sample preparation used in the DSA can be 
recommended to represent the soil softening at the interface. This condition 
represents the possible conditions of soil softening at the interface of soil-
geocomposite drain that could occur due to water build-up behaviour and 
capillary break effects.  
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5.2.3 Field performance of landfill capping systems at Bletchley landfill. 
The field measurements of water content and in-situ shear strength for the 
cover soil layer of the landfill cover system at Bletchley landfill are parts of 
this study. The findings from the field measurement work on the water 
content of cover soil layer involved different types of geosynthetic drains (i.e. 
geocomposite drain, non-woven geotextile drain, geocomposite with band 
drain) and are presented in Section 4.6. The water content measurements on 
the cover soil layer were taken at several positions as described in Figure 
3.18. The shear strength of the cover soil layer of each panel was measured 
with vane apparatus in a vertical orientation to measure shear strength on a 
cylindrical plane and the vane orientated horizontally to measure soil 
immediately above the geosynthetic drain. The position of in-situ shear 
strength of the cover soil layer measurement at different heights above the 
geosynthetic drains/CCL from the toe to the middle position for Panel 1, 2, 3 
and 4 are explained in Figure 3.25. The findings in this study related to 
Zamara’s (2013) and unpublished data by Sąsiadek (2012) on the same field 
site will be used to further the discussion. All the positions for the 
measurements are clearly described in Section 2.8. 
Overall findings on the performance of water content of the cover soil layer 
above geosynthetic drains/CCL at Bletchley trial site demonstrate a higher 
water content in the cover soil layer at two positions: increased water content 
at the interface between the soil cover layer and geosynthetic drains along 
the lengths of the slope and higher water contents of the cover soil layer at 
the toe position of the drain due to build-up of water pressures from the toe of 
the drain upward into the cover soil.  
The majority of the lowest shear strengths in the cover soil were measured 
adjacent to the geosynthetic drains (at interface). Lower shear strengths for 
the cover soil were also found at the interface of cover soil layer at the drain 
toe position compared to the middle position of the panel (i.e. halfway up the 
slope).  
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The application of geocomposite drain and geocomposite drain with band 
drain as a drainage system in a landfill cover system in general reduced the 
water content in the cover soil. This condition helps to reduce pore water 
pressure and improve the stability of the landfill capping system. However,  
the problem with high water content found at the interface of cover soil layer 
and drain needs to be highlighted in design related to the stability of the 
system.  
5.2.4 Implications of soil softening behaviour at the interface of soil-GD on 
the stability performance of landfill cover system  
The results and discussion on the main findings in measured behaviour from 
a series of laboratory tests and field measurements are discussed above. 
Based on the presented results and discussion, the main conclusions can be 
summarized.  
The geocomposite drain is a combination of two or more geosynthetic 
materials used to provide optimum performance and/or minimize costs. GD 
consists of non-woven geotextile as a filter or separator and drainage core 
bonded acting as drainage to transmit fluid/water in the plane of the product. 
The application of GD increases the stability of a geotechnical and 
environmental structure via two primary functions: tensile reinforcement using 
a geogrid and as drainage element for reducing pore water pressures using 
non-woven geosynthetics (Iryo and Rowe 2005). GD is not used to prevent or 
control soil softening above geotextile (part of GD) where this softening 
behaviour leads to instability of the system.  
Understanding the soil softening issues at the cover soil with geocomposite 
drain interface is important. This behaviour can be influenced by both 
capillary break behaviour (water moving down due to gravity) and water 
build-up from the drain in the toe position upward into the geosynthetic 
drainage interface, caused by restriction of water drainage to the outlet.  
The phenomenon of capillary break can develop at the contact interface 
between two porous materials with a large difference in pore size (e.g. fine 
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grained soil overlying a coarse grained soil or GD/geotextile). Non-woven 
geotextiles (as part of GD) with a pore structure similar to coarse gravel have 
been shown to be effective in creating such capillary break behaviour. The 
water may accumulate at the interface and prevent the water from flows to 
the drain due to capillary action in between two different layers (i.e. 
geosynthetic drainage and soil). Poor performance of earth structures 
involving non-woven geotextiles may result from ignoring the capillary break 
effect.  
The water build-up behaviour also seems to soften and hence weaken the 
cover soil layer due to water flowing out of the geosynthetic drains into the 
cover soil, leading to softening and hence reduced the shear strength. This 
behaviour can be related to the water restricted from draining to the outlet 
due to several factors including damage or clogging at the outlet that restrict 
water from draining out (i.e. heavy rainfall events can cause overflow of water 
and tend to flow upward to the geosynthetic drainage interface). Both 
behaviour which creates a softened soil layer at the interface effect and could 
lead to the instability of the landfill cover system. 
The combination of data in this study with the work of Zamara (2013) and 
Sąsiadek (2012) based on the field investigation work at the same landfill 
cover soil site also supports the occurrence of capillary break and water 
build-up behaviour at the interface of the cover soil layer as above. This 
behaviour needs highlighting in design guidance as it may affect the stability 
of landfill cover systems.  
The water content on the soil-geosynthetic interface clearly controls the 
stability performance of the landfill lining and cover system, as discussed in 
Section 2.7.1. This failure mechanism was also a contributing factor in the 
Kettleman Hills landfill slope failure (Mitchell et al. 1990), and a similar case 
in the UK was reported by Jones and Dixon (2003). The performance of 
landfill cover systems related to the capillary break at the interface of cover 
soil layer and geosynthetic drain and effect of water build-up is discussed in 
Richardson (1997), Richardson and Paruvakat (2000) and Richardson and 
Pavlik (2004). The water ponding behaviour (i.e. related to capillary break 
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behaviour) at the interface of geotextiles (part of a GD) in a landfill cover 
system was confirmed by Zamara (2013) during field work monitoring at 
Bletchley landfill.  
It is not uncommon for fine grained materials to be used as cover soils. The 
cover design often employs in-situ site soil with low permeability. In these 
cases, understanding soil softening issues at the soil interface with the non-
woven geotextile is important. Soil softening behaviour at the interface of soil 
and GD in cover soil system may adjust/change the design interface friction 
angle of soil-GD and hence lead to instability of the layer if not taken into 
consideration. If this situation is not considered in the stability analyses of 
landfill cover system, it may reduce the stability and lead to the failure of the 
system. 
The literature review, R&D Technical report P1-385/TR1 (Jones and Dixon 
2003) and a guidance document (R&D technical report P1-385/TR2 (Dixon 
and Jones 2003) have been produced for the Environment Agency for 
assessment of stability and integrity of landfill lining system including capping 
system. Fowmes et al. (2007) provide a summary of key aspects of landfill 
lining design for consideration in terms of stability and integrity to guide the 
designer and emphasize the areas that need to be considering in landfill 
construction, including capping lining systems. However, no aspects related 
to the soil softening behaviour at interface of cover soil and 
geosynthetic/geocomposite drain have been highlighted in the stability 
performance guidance for landfill cover systems.  
The used of geocomposite drain as a drainage layer in landfill cover system 
could result in a weak interface between soil and GD. The non-woven (i.e. 
part of GD) in contact with cover soil layer can lead to softening of the soil 
layer above GD, and hence can exhibit a low interface shear strength thus 
affecting the stability of the structure. The stability analyses performed on 
landfill cover system using geosynthetics drain materials do not currently 
consider the site specific conditions such as soil softening behaviour at the 
interface. The main finding in this study identified an issue that is ignored in 
most designs relating to the drainage layer especially in landfill cover 
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systems. In such a situation the stability analyses should be revised to reflect 
the soil softening behaviour that leads to reduced stability performance of the 
landfill cover system. It is suggested to choose the lowest value of interface 
shear strength of soil-GD assuming that softening can occur. 
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CHAPTER 6 
Conclusions and further works 
6.1 Conclusions 
The soil softening effect between soil and geocomposite drain interfaces in 
landfill capping systems potentially reduce interface shear strength and 
influence the stability performance of the system. Therefore, it is important to 
understand the behaviour of these softening effects and their impact on the 
interface shear strength.  
The study was divided into four objectives: 
 To identify the range of factors controlling the stability of physical and 
hydraulic performance of geocomposite drains in landfill cover system. 
 To investigate the capillary break performance at the interface of 
GD/soil systems. 
 To investigate the influence of water build-up on the interface 
conditions due to capillary break between the soil and a geocomposite 
drainage layers. 
 To investigate the effect of soil softening at the interface due to 
soaked/water build-up condition related to the stability 
performance/shear behaviour of the geocomposite drains/soil system. 
Throughout the study, various conclusions have been drawn relative to each 
subject. In this final chapter a summary of these conclusions is presented 
based on the parts of the study as above. 
Consistent with the findings of previous studies reported in the literature, 
geocomposite drain layers in contact with fine grained soils can develop a 
capillary break. While studies of capillary break and drainage behaviour have 
been investigated, and soil/GD behaviour evaluated, no studies investigating 
of softening due to capillary break behaviour and the influence of soil 
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softening related to the stability performance/shear behaviour of the GD/soil 
system were found in the literature.  
The infiltration test using the soil-column on CRIB conditions has clearly 
shown the development of capillary break at the interface between soil and 
non-woven geotextile (parts of GD). The water had reached the interface and 
accumulates above the soil-geocomposite drain by more than 100% of the 
initial quantity of water and lead to softening in soils at the interface. As 
expected, the shear strength of this softened soil layer adjacent to the 
geotextile reduced to <10kPa. 
In undrained tests, the interface shear strength will be dependent on the 
undrained shear strength of clay and/or water content at the interface. The 
interface shear strength of soil/GD measured using DSA on the as-
compacted water content and soaked condition of soil confirms that the 
influence of soil water content in both conditions to have a considerable 
effect on the interface performance. Findings from the experiments confirmed 
that the interface shear strength of as-compacted water content conditions 
controlled by the soil/GD interaction mechanism. The greater interlocking and 
friction interaction mechanism between soil lumps, non-woven geotextile 
fabric and GD core at the interface while shearing may influence the 
magnitude and behaviour of shear strength between the interfaces. In 
addition, the drainage core part of GD may have significant effects on the 
interface resistance due to compaction process. 
The soil softening behaviour at the interface due to soaked conditions clearly 
relevant to reduce the interface shear strength of soil-GD systems. But this 
behaviour gives higher interface shear strength than wet as-compacted water 
contents condition prior to wetting with soil only local to the interface 
softening and the above of soften interface was at the as-compacted 
optimum moisture value.  
Since the geocomposite drain used was the same in all tests, all the 
differences between tests can be attributed to the soil properties and test 
conditions. This means that, for a given geosynthetic, the complete failure 
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criteria (at the interface) are controlled by the overlying soil and this aspect 
should be emphasized in design specifications and construction control. 
The comparison using field measurements on the trial landfill cover at 
Bletchley that involved different types of geosynthetic drains/CCL 
demonstrates higher amount of water content between the soil cover layer 
and geosynthetic drains along the lengths of the slope and higher water 
contents in the cover soil layer at the toe position of the drain, due to build-up 
of water pressures from the toe of the drain upward into the cover soil. 
Increased water content in cover soil can be influenced both by the capillary 
break behaviour (water moving down due to gravity) and water build-up from 
the toe upwards from the geosynthetic drain to the soil at the interface related 
to restriction of flow from the drain to the outlet.  
Further detailed studies on understanding the interface failure mechanisms 
due to the soil softening at the interface of soil-geocomposite drain systems 
is needed in order to enhance the understanding of the problem and helps to 
improve the design guidance related to the application of GD as a drainage 
system in landfill cover system. Fowmes et al. (2007) provide a key aspect of 
landfill lining design consideration in terms of stability and integrity to guide 
the designer and emphasize the areas that need to be considering in landfill 
construction, including capping lining systems for future undertaking. But no 
aspect related to the soil softening behaviour at interface of cover soil and 
geosynthetic/geocomposite drain has been highlighted in the stability 
performance of landfill cover systems. As a result of the significant evidence 
obtained from experimental programmes and comparison using field 
measurements described in this thesis, the used of geocomposite drain as a 
drainage layer in a landfill cover system could result in a weak interface 
between soil and GD. The non-woven (i.e. part of GD) in contact with cover 
soil layer can lead to softening the soil layer above GD. This interface will 
exhibited a low interface shear strength and hence affect the stability of the 
structure. 
The main finding in this study identified an issue related to soil softening at 
the interface of soil-GD that is ignored in most designs related to the 
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drainage layer especially on a landfill cover system. In such a situation the 
stability analyses should be revised to reflect the soil softening behaviour that 
can lead to instability performance to the landfill cover system.  
The soil softening between soil/geocomposite drain interface due to capillary 
break and water build-up behaviour can potentially reduce the interface shear 
strength and hence affect the stability performance of landfill cover system.  
6.2 Recommendations for further research 
It is suggested as further study to undertake laboratory tests using various 
top soils or soils obtained from the site and different types of geocomposite 
drain in order to quantify and categories the influence of soil and GD type in 
relation to the drainage layer performance, capillary break and soil softening 
behaviour. 
 
The drainage core may have significant effects on the interface resistance. 
This can be confirmed by comparing the interface shear strength test on 
geocomposite drain and geotextile (i.e. part of GD) only.  The same types of 
geotextile attached on GD need to be obtained from the same manufacturing 
company. Removed the geotextile manually from GD will damage and affect 
the performance of the geotextile fabric.  
 
To fully understand the soil softening behaviour at the soil/GD interface at 
site, improvement on the field monitoring works on the landfill cover trial site 
should include proper system using data logging. The data on water 
discharge from drainage layer may enhance the validity of the measurement.  
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Appendices 
A3: Water content calculation (from volumetric to gravimetric) for Panel 1, 2, 
3 and 4 (from Zamara (2013) and Sąsiadek (2012) data). 
  Gravimetric water content   
  Dry density=1550 Kg/m3   
  Mass of water (%)   
  Panel 1   
  Toe Middle   
Date Toe low sensor 
Toe high 
sensor 
Middle low 
sensor  
Middle high 
sensor Rainfall 
21/11/2011 16.32 10.32 16.77 12.97 0 
22/11/2011 16.06 10.26 16.65 13.29 0.5 
23/11/2011 15.74 9.94 16.58 13.42 2.28 
24/11/2011 15.23 9.94 16.19 13.74 0.25 
25/11/2011 15.16 9.94 16.26 13.81 0 
26/11/2011 14.90 9.81 16.06 13.81 0.76 
27/11/2011 14.77 9.94 16.19 13.87 0 
28/11/2011 14.58 9.55 16.00 13.48 0.76 
29/11/2011 14.32 9.87 16.06 16.97 0.75 
30/11/2011 14.26 9.61 15.94 15.61 0 
01/12/2011 13.94 9.74 15.87 16.00 0 
02/12/2011 13.94 9.55 15.81 15.29 0 
03/12/2011 13.74 12.71 15.68 17.74 0.76 
04/12/2011 13.68 12.32 15.61 15.94 1.51 
05/12/2011 13.55 11.94 15.42 15.16 0.25 
06/12/2011 13.10 11.61 15.03 15.48 0.25 
07/12/2011 13.03 11.74 15.16 16.71 1.52 
08/12/2011 30.90 23.10 22.84 20.26 1.02 
09/12/2011 30.90 21.23 22.84 17.10 8.38 
10/12/2011 29.87 19.03 21.81 15.74 0 
11/12/2011 35.81 26.13 24.52 20.39 0 
12/12/2011 41.94 28.13 24.90 20.32 6.34 
13/12/2011 42.45 28.58 25.23 20.39 14.23 
14/12/2011 40.13 25.42 23.87 17.61 8.36 
15/12/2011 41.23 26.77 24.52 19.61 0.5 
16/12/2011 41.35 27.29 25.35 20.13 5.57 
17/12/2011 39.42 24.58 23.94 17.16 8.85 
18/12/2011 39.23 23.94 23.87 16.77 0.5 
19/12/2011 40.32 27.23 24.45 19.35 0 
20/12/2011 40.00 27.10 24.58 18.97 5.07 
21/12/2011 41.61 27.55 25.35 19.16 1.76 
22/12/2011 42.00 26.84 25.03 17.94 1 
23/12/2011 47.35 31.35 26.65 21.35 0 
24/12/2011 42.97 27.61 25.10 18.52 10.64 
25/12/2011 42.45 26.45 24.84 18.06 0 
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26/12/2011 42.77 26.90 25.23 18.19 0 
27/12/2011 42.19 26.39 25.55 17.61 0 
28/12/2011 41.29 25.94 25.42 17.23 0 
29/12/2011 40.32 25.23 24.90 16.71 0 
30/12/2011 41.61 28.52 25.81 19.35 0.75 
31/12/2011 42.06 28.45 25.87 19.03 4.29 
01/01/2012 42.45 27.35 26.06 18.97 0 
02/01/2012 42.13 26.52 25.74 17.87 0.5 
03/01/2012 45.29 37.23 37.68 27.68 0 
04/01/2012 42.45 28.97 28.90 23.48 15.22 
05/01/2012 43.42 30.32 32.45 25.55 1.51 
06/01/2012 42.65 26.97 27.48 20.13 3.56 
07/01/2012 41.48 27.03 27.23 19.94 0 
08/01/2012 41.42 26.84 27.10 19.35 0 
09/01/2012 41.61 27.16 27.74 19.61 0 
10/01/2012 41.74 27.23 27.68 19.35 0 
11/01/2012 41.68 27.10 27.23 19.55 0 
12/01/2012 41.35 27.16 27.16 19.48 0 
13/01/2012 41.03 26.06 27.10 18.84 0 
14/01/2012 39.35 25.03 26.90 18.06 0.25 
15/01/2012 38.13 24.45 26.65 17.35 0 
16/01/2012 37.35 24.06 26.39 15.48 0.25 
17/01/2012 36.71 23.74 26.26 10.58 0 
18/01/2012 37.23 26.39 26.19 17.16 0.25 
19/01/2012 42.39 31.61 28.71 20.71 0.75 
20/01/2012 41.35 26.65 27.23 18.26 6.59 
21/01/2012 42.13 27.29 27.23 18.65 0.5 
22/01/2012 42.06 26.13 27.10 17.10 0.25 
23/01/2012 40.65 25.61 26.97 15.94 0 
24/01/2012 41.87 29.94 28.97 20.19 0 
25/01/2012 42.58 27.48 28.71 19.35 5.85 
26/01/2012 43.16 31.16 30.32 22.13 0 
27/01/2012 42.45 27.68 28.84 19.23 5.82 
28/01/2012 42.06 26.19 27.87 18.52 0.25 
29/01/2012 42.06 25.94 28.26 18.71 0 
30/01/2012 41.94 25.55 28.26 18.39 0 
31/01/2012 40.71 25.10 28.00 17.74 0 
01/02/2012 39.87 24.45 27.48 15.94 0 
02/02/2012 38.32 23.81 27.10 13.74 0 
03/02/2012 37.23 22.90 26.77 6.26 0 
04/02/2012 36.39 18.19 26.58 6.13 0 
05/02/2012 35.55 15.10 26.71 6.65 0 
06/02/2012 35.42 19.55 26.71 7.35 8.88 
07/02/2012 40.32 26.58 28.13 15.74 3.27 
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08/02/2012 38.71 23.35 27.42 15.74 0 
09/02/2012 37.48 22.19 27.23 15.35 0.25 
10/02/2012 37.03 23.10 26.97 16.65 0 
11/02/2012 37.10 23.10 26.90 16.58 0.5 
12/02/2012 39.10 24.65 28.65 19.10 0.5 
13/02/2012 42.65 27.61 31.23 22.13 0.25 
14/02/2012 40.71 27.03 28.32 19.74 1.01 
15/02/2012 41.74 25.10 27.55 18.90 0 
16/02/2012 42.32 24.58 28.39 18.26 0 
17/02/2012 41.61 24.84 28.26 17.68 0 
18/02/2012 42.45 28.77 29.55 20.71 0 
19/02/2012 41.81 25.23 28.45 18.32 4.32 
20/02/2012 40.52 24.13 27.55 17.23 0 
21/02/2012 40.00 23.81 27.23 17.10 0.25 
22/02/2012 40.65 25.42 27.03 17.87 0 
23/02/2012 41.55 25.61 27.81 18.13 1.27 
24/02/2012 41.48 24.90 28.52 17.48 0 
25/02/2012 41.10 24.26 29.16 17.35 0 
26/02/2012 40.13 23.55 28.97 16.65 0 
27/02/2012 39.23 23.61 28.32 16.00 0 
28/02/2012 39.48 24.06 28.39 16.45 1 
29/02/2012 39.74 24.06 29.16 16.97 0 
01/03/2012 39.94 24.45 29.16 16.71 0.25 
02/03/2012 39.94 23.68 28.84 16.77 0 
03/03/2012 39.55 23.48 28.84 16.26 0.25 
04/03/2012 47.35 29.35 31.35 22.00 0.25 
05/03/2012 42.65 25.61 28.26 18.32 18.54 
06/03/2012 41.81 23.68 28.52 17.74 0 
07/03/2012 42.26 25.48 28.19 18.32 0 
08/03/2012 42.19 23.94 27.48 17.29 2.28 
09/03/2012 41.61 23.74 27.42 16.90 0 
10/03/2012 41.48 24.58 28.06 17.35 0 
11/03/2012 41.29 24.77 29.23 18.19 0 
12/03/2012 41.10 24.13 29.23 17.74 0 
13/03/2012 40.58 23.74 29.29 17.10 0.25 
14/03/2012 40.26 23.81 29.35 17.55 0 
15/03/2012 40.00 23.81 29.35 16.77 0 
16/03/2012 39.68 23.10 28.39 16.00 0.25 
17/03/2012 39.10 23.10 28.52 16.06 0 
18/03/2012 38.97 22.58 28.45 15.48 1.01 
19/03/2012 38.32 22.77 27.35 15.87 0.5 
20/03/2012 38.52 23.23 27.48 16.19 0.25 
21/03/2012 38.71 23.35 27.94 16.19 0 
22/03/2012 38.90 23.10 28.84 16.32 0 
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23/03/2012 39.61 23.87 29.16 16.45 0 
24/03/2012 39.87 23.94 29.03 16.45 0.25 
25/03/2012 39.81 23.35 28.58 15.94 0 
26/03/2012 39.23 23.48 28.77 16.00 0 
27/03/2012 39.16 23.81 28.97 16.06 0 
28/03/2012 39.87 24.06 29.48 16.65 0 
29/03/2012 39.87 23.81 29.48 15.87 0 
30/03/2012 39.81 22.90 28.97 15.10 0 
31/03/2012 39.16 22.13 28.84 14.52 0 
01/04/2012 38.32 22.39 28.65 14.65 0 
02/04/2012 38.32 22.19 28.58 14.45 0 
03/04/2012 38.32 22.00 28.58 14.19 0 
04/04/2012 38.13 21.81 28.32 16.65 6.83 
05/04/2012 37.55 21.16 27.03 16.32 2 
06/04/2012 36.90 21.29 27.35 16.19 0.5 
07/04/2012 36.90 21.35 27.74 16.39 0 
08/04/2012 37.23 21.87 27.55 16.26 0.5 
09/04/2012 42.13 28.90 30.39 21.42 1 
10/04/2012 41.94 28.26 29.55 20.77 12.39 
11/04/2012 40.71 25.10 29.23 18.97 1.27 
12/04/2012 40.00 24.77 29.74 18.65 0 
13/04/2012 39.68 24.97 29.87 18.97 0.5 
14/04/2012 39.61 24.19 29.74 17.87 0 
15/04/2012 39.03 23.29 28.19 17.10 0 
16/04/2012 38.39 23.61 28.19 18.39 0 
17/04/2012 38.32 23.48 28.00 18.58 0 
18/04/2012 44.45 30.06 32.32 27.23 4.56 
19/04/2012 43.68 28.90 30.65 24.52 10.11 
20/04/2012 43.29 27.55 29.68 24.00 5.81 
21/04/2012 43.42 25.94 29.94 23.61 1.76 
22/04/2012 43.35 26.39 30.58 25.16 1.78 
23/04/2012 42.90 28.32 30.77 24.19 3.04 
24/04/2012 43.16 28.19 30.77 24.97 4.78 
25/04/2012 44.13 29.68 31.61 30.65 0.75 
26/04/2012 44.00 29.23 31.55 29.48 11.41 
27/04/2012 49.03 32.26 31.35 31.61 11.41 
28/04/2012 46.97 30.90 30.06 30.06 2.53 
29/04/2012 46.84 30.97 30.84 31.35 2.53 
30/04/2012 45.35 28.77 29.68 28.65 10.89 
01/05/2012 47.29 31.87 30.90 30.65 8.61 
02/05/2012 46.26 30.13 31.10 30.77 27.96 
03/05/2012 48.26 41.94 36.00 33.10 1.51 
04/05/2012 45.68 30.13 30.71 30.58 9.13 
05/05/2012 45.74 29.74 30.71 30.32 3.3 
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06/05/2012 45.68 28.00 30.19 28.19 18.03 
07/05/2012 45.61 29.35 30.19 29.16 1.26 
08/05/2012 47.55 33.29 35.61 33.55 0.25 
09/05/2012 49.48 33.74 33.61 34.00 0 
10/05/2012 49.55 34.71 35.61 36.97 3.3 
11/05/2012 48.39 30.84 32.52 33.29 7.62 
12/05/2012 48.19 29.48 30.58 29.48 7.84 
13/05/2012 48.06 29.48 31.55 29.29 5.3 
14/05/2012 47.55 32.52 34.19 33.48 0 
15/05/2012 47.29 31.87 35.03 33.74 0 
16/05/2012 46.77 29.55 30.90 30.13 0 
17/05/2012 47.29 29.35 31.68 31.10 10.39 
18/05/2012 47.68 31.29 34.52 34.71 4.26 
19/05/2012 47.81 30.84 32.71 33.10 0 
20/05/2012 47.74 29.03 31.55 28.90 0 
21/05/2012 46.84 29.55 31.23 29.55 2.78 
22/05/2012 47.48 31.74 31.94 31.29 1.25 
23/05/2012 48.00 32.90 33.03 31.94 0 
24/05/2012 48.00 32.84 33.42 31.35 0 
25/05/2012 47.94 32.00 33.42 30.13 0 
26/05/2012 47.10 31.16 33.55 29.55 0 
27/05/2012 47.35 30.26 34.06 29.23 0 
28/05/2012 47.61 29.68 34.32 29.48 0 
29/05/2012 47.55 28.32 34.26 27.87 0 
30/05/2012 46.52 27.94 33.81 27.16 0 
31/05/2012 46.26 26.58 33.35 24.71 0 
01/06/2012 44.26 25.61 32.52 24.71 0 
02/06/2012 43.94 24.77 32.13 23.35 0.5 
03/06/2012 51.42 32.45 38.77 32.84 0 
04/06/2012 47.68 31.81 33.74 31.55 0.58 
05/06/2012 46.65 28.39 32.06 27.74 2.55 
06/06/2012 47.68 29.42 32.77 28.71 15.35 
07/06/2012 50.71 34.06 38.26 34.84 5.22 
08/06/2012 49.03 33.10 40.45 35.29 1.73 
09/06/2012 47.10 29.29 32.13 29.35 1.53 
10/06/2012 48.00 29.48 33.16 31.23 5.29 
11/06/2012 50.71 37.23 41.35 36.71 3.27 
12/06/2012 49.81 33.23 34.84 34.84 0 
13/06/2012 47.94 30.00 33.55 32.84 0.35 
14/06/2012 48.19 28.90 33.68 30.84 21.29 
15/06/2012 49.68 46.58 37.48 36.19 0.14 
16/06/2012 48.39 29.48 33.68 30.52 0 
17/06/2012 49.16 29.61 32.52 30.84 0.62 
18/06/2012 49.68 30.00 33.10 31.29 5.61 
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19/06/2012 49.68 30.71 34.84 34.13 0.08 
20/06/2012 49.42 30.06 35.10 33.23 0.66 
21/06/2012 51.55 35.16 36.71 35.94 1.35 
22/06/2012 49.68 34.84 34.84 33.74 0 
23/06/2012 48.71 31.68 32.84 30.77 0 
24/06/2012 49.74 34.90 36.32 35.55 6.52 
25/06/2012 50.19 31.48 35.10 35.23 28.4 
26/06/2012 50.65 30.77 35.23 34.06 2.91 
27/06/2012 51.35 30.97 35.55 34.13 6.47 
28/06/2012 52.26 31.29 35.94 34.84 0.02 
29/06/2012 52.19 29.74 36.00 32.00 0 
30/06/2012 52.00 28.77 34.97 30.13 0.51 
01/07/2012 49.48 27.61 34.84 29.42 0.05 
02/07/2012 47.42 27.10 34.19 29.35 0.25 
03/07/2012 46.26 27.42 34.26 29.61 0.13 
04/07/2012 47.94 29.48 34.84 33.10 0.53 
05/07/2012 48.00 30.13 35.68 34.97 0.18 
06/07/2012 53.10 37.03 40.84 38.39 0.1 
07/07/2012 51.94 36.06 36.32 39.10 0.1 
08/07/2012 51.23 35.35 35.81 37.94 0.13 
09/07/2012 51.23 34.00 35.74 36.32 0.1 
10/07/2012 50.45 32.77 35.29 35.55 0.1 
11/07/2012 51.16 35.68 35.23 35.29 0.08 
12/07/2012 52.19 52.13 37.03 38.32 0.08 
13/07/2012 52.39 52.32 36.97 38.13 0.1 
14/07/2012 51.42 33.87 35.55 35.48 0.08 
15/07/2012 50.84 32.71 34.26 33.42 0.08 
16/07/2012 50.84 31.10 34.45 33.03 0.03 
17/07/2012 51.23 32.90 35.03 34.06 0.05 
18/07/2012 51.23 32.45 35.10 34.39 0.03 
19/07/2012 51.16 31.74 34.97 33.23 0.05 
20/07/2012 48.97 31.94 34.71 32.26 0.03 
21/07/2012 48.19 32.19 35.23 34.32 0.03 
22/07/2012 48.00 30.84 35.94 34.97 0.03 
23/07/2012 48.65 29.16 36.32 35.03 0.03 
24/07/2012 49.16 27.74 37.16 35.94 0 
25/07/2012 55.23 44.65 46.26 44.97 0 
26/07/2012 54.19 40.26 46.26 45.42 0 
27/07/2012 53.87 38.84 45.94 43.42 0 
28/07/2012 53.03 36.45 45.29 39.81 0 
29/07/2012 52.26 33.55 44.84 36.13 0 
30/07/2012 51.74 31.35 44.19 31.48 0 
31/07/2012 48.00 30.97 43.81 31.23 0.03 
01/08/2012 47.03 30.71 44.13 32.13 0 
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02/08/2012 52.00 42.97 44.26 42.97 0 
03/08/2012 52.00 40.13 44.26 42.39 0.33 
04/08/2012 51.42 38.32 44.45 39.94 0.74 
05/08/2012 51.87 42.58 44.58 41.87 0.43 
06/08/2012 51.87 41.74 44.45 41.87 0.38 
07/08/2012 51.48 40.52 44.26 41.10 0.03 
08/08/2012 51.74 39.55 45.03 42.19 0 
09/08/2012 51.74 38.77 45.48 41.94 0 
10/08/2012 50.77 37.55 46.19 42.77 0 
11/08/2012 49.48 35.48 45.81 39.68 0 
12/08/2012 49.03 32.65 45.48 36.00 0 
13/08/2012 48.77 31.10 45.29 32.71 0 
14/08/2012 47.81 29.94 45.68 33.55 0.43 
15/08/2012 52.19 36.71 45.42 43.74 0.89 
16/08/2012 51.87 33.94 44.65 38.06 0 
17/08/2012 48.90 31.35 45.35 39.23 0 
18/08/2012 47.55 29.81 46.32 39.87 0 
19/08/2012 47.35 28.90 46.52 37.42 0 
20/08/2012 46.52 27.87 46.06 33.23 0 
21/08/2012 44.77 26.58 45.55 30.52 0 
22/08/2012 42.90 25.55 44.84 28.65 0.03 
23/08/2012 40.97 24.97 44.45 28.19 0 
24/08/2012 39.35 24.58 44.13 26.84 0.05 
25/08/2012 37.42 24.06 43.81 26.90 0.18 
26/08/2012 35.81 23.48 43.29 26.52 0.03 
27/08/2012 33.61 22.71 42.90 25.16 0.15 
28/08/2012 31.74 22.65 42.45 26.13 0.03 
29/08/2012 35.23 22.00 42.06 32.90 1.02 
30/08/2012 34.65 20.84 41.61 32.26 0.15 
31/08/2012 32.65 20.45 41.74 32.39 0 
01/09/2012 29.42 20.84 42.45 33.16 0 
02/09/2012 28.06 20.45 42.19 31.35 0 
03/09/2012 27.48 20.52 42.97 32.32 0 
04/09/2012 26.65 19.94 42.65 29.29 0 
05/09/2012 26.00 19.42 42.45 28.00 0 
06/09/2012 24.84 18.58 42.00 26.26 0 
07/09/2012 24.06 18.32 42.13 25.94 0 
08/09/2012 23.48 17.87 41.94 25.16 0 
09/09/2012 22.84 17.23 41.48 24.13 0 
10/09/2012 22.06 16.84 41.03 23.10 0 
11/09/2012 21.74 16.39 40.06 22.52 0.03 
12/09/2012 21.03 15.61 38.71 21.87 0.23 
13/09/2012 20.39 15.16 37.48 21.81 0 
14/09/2012 19.87 15.03 36.77 21.87 0 
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15/09/2012 19.68 14.84 36.45 22.00 0 
16/09/2012 19.42 14.58 36.06 21.42 0 
17/09/2012 19.23 14.45 35.55 21.16 0 
18/09/2012 18.97 14.13 34.90 20.77 0 
19/09/2012 18.65 13.68 34.19 20.58 0 
20/09/2012 18.26 13.61 33.61 20.19 0 
21/09/2012 18.06 13.55 33.35 19.94 0.08 
22/09/2012 18.00 13.29 32.77 20.06 0.03 
23/09/2012 20.32 12.97 41.74 26.71 1.63 
24/09/2012 30.00 14.32 41.29 39.87 0.99 
25/09/2012 29.03 13.35 40.52 30.13 0.25 
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  Gravimetric water content   
  Dry density= 1550 Kg/m3   
  Mass of water (%)   
  Panel 2   
  Toe Middle   
Date 
Toe 
low 
sensor 
Toe 
middle 
sensor 
Toe 
high 
sensor 
Middle 
low 
sensor  
Top 
middle 
sensor 
Middle 
high 
sensor 
Rainfall
21/11/2011 9.42 17.16 12.39 13.81 13.16 12.26 0 
22/11/2011 9.35 16.97 12.90 13.81 13.10 12.26 0.5 
23/11/2011 9.35 16.32 12.65 13.61 13.03 12.06 2.28 
24/11/2011 9.16 15.87 12.90 13.42 12.90 12.06 0.25 
25/11/2011 9.23 15.94 12.90 13.42 12.97 12.06 0 
26/11/2011 9.16 15.81 12.90 13.29 12.84 12.00 0.76 
27/11/2011 9.16 15.87 12.97 13.29 12.90 12.13 0 
28/11/2011 9.16 15.68 12.77 13.29 12.84 11.81 0.76 
29/11/2011 9.03 15.81 15.74 13.29 13.03 12.19 0.75 
30/11/2011 9.03 15.68 15.55 13.29 12.90 11.87 0 
01/12/2011 9.03 15.74 16.06 13.29 12.97 12.06 0 
02/12/2011 9.03 15.74 15.48 13.16 12.77 11.87 0 
03/12/2011 8.97 15.55 20.26 13.16 12.77 14.58 0.76 
04/12/2011 8.90 15.42 17.94 13.03 12.65 14.45 1.51 
05/12/2011 8.84 15.29 16.65 12.97 12.52 14.06 0.25 
06/12/2011 8.71 14.90 17.61 12.84 12.26 13.87 0.25 
07/12/2011 8.65 15.03 20.00 12.71 12.26 14.13 1.52 
08/12/2011 11.23 19.61 27.61 17.03 15.61 20.26 1.02 
09/12/2011 11.29 19.55 21.61 17.35 15.61 18.32 8.38 
10/12/2011 11.23 19.10 19.10 17.48 15.48 16.71 0 
11/12/2011 15.16 21.42 27.23 20.52 20.06 22.06 0 
12/12/2011 21.10 25.23 28.65 28.13 25.48 22.06 6.34 
13/12/2011 23.35 26.39 29.55 28.52 25.35 22.19 14.23 
14/12/2011 22.00 24.58 23.68 27.61 23.23 19.55 8.36 
15/12/2011 23.16 25.87 30.26 28.26 24.00 21.35 0.5 
16/12/2011 23.61 26.19 29.42 29.42 24.71 22.00 5.57 
17/12/2011 22.71 24.45 23.55 27.23 21.87 19.03 8.85 
18/12/2011 22.32 24.00 22.77 27.03 21.48 18.71 0.5 
19/12/2011 23.16 25.35 27.55 28.39 23.81 20.84 0 
20/12/2011 22.58 25.29 26.77 27.23 22.45 20.65 5.07 
21/12/2011 23.42 25.74 26.58 27.55 23.10 20.84 1.76 
22/12/2011 23.61 25.74 23.81 27.48 22.45 20.19 1 
23/12/2011 24.84 27.68 31.35 30.39 25.48 23.16 0 
24/12/2011 24.00 26.32 25.68 28.26 23.23 20.90 10.64 
25/12/2011 23.48 25.61 23.81 27.68 22.39 20.32 0 
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26/12/2011 23.74 25.81 23.81 27.68 22.52 20.26 0 
27/12/2011 23.61 25.68 23.03 27.68 22.45 19.74 0 
28/12/2011 23.55 25.35 22.39 27.68 22.19 19.10 0 
29/12/2011 23.35 24.84 21.61 27.55 21.87 18.39 0 
30/12/2011 23.29 25.55 26.45 27.10 21.55 20.58 0.75 
31/12/2011 23.61 26.13 26.19 27.23 22.77 21.03 4.29 
01/01/2012 23.74 26.13 24.90 27.48 22.84 20.97 0 
02/01/2012 23.61 25.87 23.42 27.48 22.77 20.26 0.5 
03/01/2012 25.55 27.29 31.61 32.97 26.71 25.16 0 
04/01/2012 24.45 26.13 28.58 28.58 23.42 21.81 15.22 
05/01/2012 24.52 26.71 28.32 29.16 24.32 23.10 1.51 
06/01/2012 24.32 26.00 24.77 28.19 23.16 21.03 3.56 
07/01/2012 24.13 25.61 24.19 27.61 22.77 20.77 0 
08/01/2012 23.87 25.48 23.35 27.55 22.58 20.00 0 
09/01/2012 24.06 25.74 25.87 27.55 22.65 19.94 0 
10/01/2012 24.06 25.74 25.74 27.68 22.65 19.74 0 
11/01/2012 24.13 25.61 25.68 27.68 22.65 19.55 0 
12/01/2012 24.13 25.55 25.74 27.68 22.58 19.42 0 
13/01/2012 24.26 25.16 24.45 27.55 22.19 18.71 0 
14/01/2012 23.61 24.45 23.68 27.29 21.61 18.06 0.25 
15/01/2012 23.23 23.94 22.06 26.90 21.16 17.74 0 
16/01/2012 22.97 23.68 17.42 26.58 20.90 17.48 0.25 
17/01/2012 22.77 23.55 8.77 26.39 20.71 17.23 0 
18/01/2012 22.65 24.00 22.13 26.26 21.16 18.32 0.25 
19/01/2012 24.52 26.39 26.77 28.90 24.71 22.90 0.75 
20/01/2012 24.06 25.48 23.61 27.61 22.84 19.87 6.59 
21/01/2012 24.26 25.55 23.87 27.74 22.58 20.13 0.5 
22/01/2012 24.26 25.42 21.61 27.74 22.52 19.16 0.25 
23/01/2012 24.13 25.03 20.71 27.61 22.19 18.71 0 
24/01/2012 24.58 25.87 30.45 28.58 24.32 22.32 0 
25/01/2012 24.77 26.06 30.32 28.19 23.61 21.94 5.85 
26/01/2012 25.42 26.84 33.74 29.61 25.35 23.42 0 
27/01/2012 25.03 26.26 30.32 28.65 24.19 21.94 5.82 
28/01/2012 24.71 25.55 29.16 28.13 23.16 20.32 0.25 
29/01/2012 24.65 25.35 28.71 27.94 22.84 19.81 0 
30/01/2012 24.58 25.10 28.13 27.81 22.52 19.42 0 
31/01/2012 24.39 24.77 27.55 27.68 22.19 19.03 0 
01/02/2012 24.26 24.45 26.39 27.68 22.06 18.71 0 
02/02/2012 23.87 24.00 20.26 27.42 21.81 18.39 0 
03/02/2012 23.68 23.81 8.71 27.16 21.55 17.35 0 
04/02/2012 23.55 23.55 8.32 26.97 21.29 10.45 0 
05/02/2012 23.48 23.48 8.84 26.77 20.90 9.42 0 
06/02/2012 23.55 23.55 9.68 26.52 20.84 14.39 8.88 
07/02/2012 23.94 24.39 17.48 28.13 23.55 20.58 3.27 
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08/02/2012 23.74 24.26 16.84 26.77 22.26 17.87 0 
09/02/2012 23.61 23.94 17.16 26.52 21.74 16.45 0.25 
10/02/2012 23.55 23.74 18.84 26.32 21.42 17.48 0 
11/02/2012 23.55 23.68 18.77 26.32 21.23 17.48 0.5 
12/02/2012 23.74 23.74 14.39 26.32 21.16 17.48 0.5 
13/02/2012 24.65 25.35 24.32 27.87 23.35 21.03 0.25 
14/02/2012 24.84 25.35 25.35 27.55 23.03 20.77 1.01 
15/02/2012 24.65 25.55 24.65 27.48 22.58 19.87 0 
16/02/2012 24.52 25.48 23.81 27.68 22.58 19.16 0 
17/02/2012 24.65 25.61 23.61 27.87 22.84 19.10 0 
18/02/2012 25.03 26.26 26.19 27.94 22.84 21.48 0 
19/02/2012 24.97 26.00 23.94 27.94 22.58 20.06 4.32 
20/02/2012 24.52 25.10 23.23 27.81 22.19 18.19 0 
21/02/2012 24.52 25.16 22.77 27.55 22.19 18.52 0.25 
22/02/2012 24.65 25.42 23.42 27.61 22.26 18.84 0 
23/02/2012 25.10 26.00 24.00 28.00 22.71 19.48 1.27 
24/02/2012 25.29 26.06 23.87 28.26 22.77 19.29 0 
25/02/2012 25.35 26.06 22.90 28.32 22.77 18.97 0 
26/02/2012 25.29 25.61 22.39 28.32 22.58 18.65 0 
27/02/2012 25.16 25.68 22.26 28.26 22.45 18.52 0 
28/02/2012 25.42 25.94 22.65 28.32 22.58 18.71 1 
29/02/2012 25.55 26.06 22.90 28.52 22.71 18.77 0 
01/03/2012 25.55 26.00 22.84 28.45 22.65 18.71 0.25 
02/03/2012 25.55 25.81 22.39 28.39 22.52 18.39 0 
03/03/2012 25.48 25.94 22.39 28.39 22.52 18.39 0.25 
04/03/2012 26.97 27.74 28.71 30.77 25.61 23.16 0.25 
05/03/2012 26.32 26.65 25.16 29.10 23.74 20.45 18.54 
06/03/2012 25.81 25.81 24.06 28.65 23.03 19.29 0 
07/03/2012 25.74 25.74 25.35 28.52 22.84 19.35 0 
08/03/2012 25.74 25.74 24.13 28.45 22.71 19.16 2.28 
09/03/2012 25.74 25.74 23.87 28.39 22.71 19.16 0 
10/03/2012 26.06 26.45 35.16 28.65 23.03 19.68 0 
11/03/2012 26.19 26.52 36.97 28.84 23.10 20.00 0 
12/03/2012 26.32 26.32 23.87 28.97 23.10 19.61 0 
13/03/2012 26.39 26.39 23.16 28.97 23.03 19.23 0.25 
14/03/2012 26.45 26.45 23.42 29.03 22.90 19.42 0 
15/03/2012 26.52 26.45 23.29 29.03 22.97 19.48 0 
16/03/2012 26.45 26.45 22.13 29.16 22.97 18.97 0.25 
17/03/2012 26.39 26.39 21.94 29.10 22.77 18.97 0 
18/03/2012 26.39 26.39 21.23 29.03 22.71 18.58 1.01 
19/03/2012 26.00 26.00 21.74 28.90 22.45 18.77 0.5 
20/03/2012 26.13 26.13 35.23 28.77 22.65 19.10 0.25 
21/03/2012 26.32 26.32 32.97 28.97 22.84 19.29 0 
22/03/2012 26.39 26.39 21.23 29.03 22.84 19.10 0 
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23/03/2012 26.58 27.10 21.48 29.23 23.10 19.61 0 
24/03/2012 26.77 27.10 21.03 29.48 23.29 19.68 0.25 
25/03/2012 27.03 27.03 19.94 29.61 23.29 19.35 0 
26/03/2012 26.90 27.03 19.74 29.61 23.29 19.42 0 
27/03/2012 26.97 27.10 19.35 29.61 23.35 19.48 0 
28/03/2012 27.10 27.35 19.16 29.68 23.42 19.55 0 
29/03/2012 27.16 27.35 18.52 29.81 23.81 18.77 0 
30/03/2012 27.16 27.29 17.42 29.81 23.81 18.19 0 
31/03/2012 27.10 27.03 16.45 29.74 23.55 17.68 0 
01/04/2012 26.71 26.71 16.84 29.61 23.29 17.87 0 
02/04/2012 26.71 26.71 16.32 29.48 23.68 18.00 0 
03/04/2012 26.71 26.71 17.81 29.55 23.61 17.68 0 
04/04/2012 26.65 26.71 20.58 29.42 23.48 17.35 6.83 
05/04/2012 26.52 26.58 20.45 29.29 23.29 16.97 2 
06/04/2012 26.19 26.19 19.74 29.03 22.97 17.03 0.5 
07/04/2012 26.06 26.06 19.48 28.71 22.97 17.16 0 
08/04/2012 26.13 26.32 19.68 28.77 23.03 17.35 0.5 
09/04/2012 27.94 28.65 29.55 31.23 26.52 24.26 1 
10/04/2012 28.39 28.45 28.52 31.16 26.39 24.00 12.39 
11/04/2012 27.61 27.61 24.71 29.61 25.03 20.90 1.27 
12/04/2012 27.35 27.55 24.00 29.61 24.71 20.58 0 
13/04/2012 27.29 27.55 23.74 29.74 24.58 20.45 0.5 
14/04/2012 27.29 27.29 22.77 29.81 24.52 19.94 0 
15/04/2012 27.16 27.16 21.55 29.87 24.26 19.23 0 
16/04/2012 26.71 26.77 21.55 29.68 23.74 19.23 0 
17/04/2012 26.71 26.71 22.71 29.55 23.68 18.90 0 
18/04/2012 28.06 28.06 32.06 31.42 26.06 24.90 4.56 
19/04/2012 28.52 28.52 30.06 31.48 26.39 24.26 10.11 
20/04/2012 28.39 28.39 28.19 30.52 25.68 23.03 5.81 
21/04/2012 28.13 28.13 25.87 30.26 25.23 21.94 1.76 
22/04/2012 28.06 28.00 29.74 30.06 24.84 22.71 1.78 
23/04/2012 28.19 28.19 28.19 30.19 26.19 24.13 3.04 
24/04/2012 28.52 28.52 27.87 31.16 26.26 24.00 4.78 
25/04/2012 29.10 29.10 29.87 32.26 26.84 25.23 0.75 
26/04/2012 29.03 29.03 29.29 31.03 26.19 26.19 11.41 
27/04/2012 29.74 29.81 31.74 32.32 27.29 29.42 11.41 
28/04/2012 29.68 29.68 30.90 32.65 27.29 29.35 2.53 
29/04/2012 29.94 29.74 30.90 32.65 27.35 29.68 2.53 
30/04/2012 29.10 29.10 27.87 30.58 25.87 27.23 10.89 
01/05/2012 29.81 29.81 31.68 31.74 27.48 29.55 8.61 
02/05/2012 29.48 29.48 30.19 30.84 26.45 27.61 27.96 
03/05/2012 31.29 30.39 33.55 47.81 28.26 29.94 1.51 
04/05/2012 29.42 29.42 28.71 31.61 26.26 27.16 9.13 
05/05/2012 29.03 29.03 28.06 31.29 25.81 26.97 3.3 
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06/05/2012 28.71 28.71 26.19 31.16 25.55 25.61 18.03 
07/05/2012 28.77 28.39 27.29 30.90 25.23 25.87 1.26 
08/05/2012 29.87 29.87 33.03 32.84 27.48 29.35 0.25 
09/05/2012 30.84 30.84 32.90 32.58 28.00 30.00 0 
10/05/2012 31.10 31.03 33.48 33.03 28.26 30.32 3.3 
11/05/2012 30.65 30.65 32.19 31.74 27.23 28.65 7.62 
12/05/2012 29.94 29.87 27.29 31.48 26.32 26.52 7.84 
13/05/2012 29.74 29.23 40.84 31.29 26.00 26.13 5.3 
14/05/2012 30.06 30.00 32.39 32.45 26.84 28.77 0 
15/05/2012 30.26 29.87 31.35 32.77 27.29 28.65 0 
16/05/2012 29.87 29.61 37.61 31.42 26.32 27.16 0 
17/05/2012 30.13 29.68 27.94 31.16 26.13 26.77 10.39 
18/05/2012 30.26 29.55 30.00 31.35 26.00 27.16 4.26 
19/05/2012 30.32 29.74 31.16 31.55 25.94 27.94 0 
20/05/2012 30.32 29.48 33.42 31.55 25.87 26.84 0 
21/05/2012 30.06 29.16 0.00 31.42 25.55 26.65 2.78 
22/05/2012 30.39 30.39 0.00 31.55 26.13 27.61 1.25 
23/05/2012 31.10 31.10 34.00 32.13 26.58 27.68 0 
24/05/2012 31.29 31.29 0.00 32.71 26.77 27.10 0 
25/05/2012 31.29 31.29 0.00 32.90 26.77 26.06 0 
26/05/2012 31.03 30.97 0.00 33.03 26.58 24.52 0 
27/05/2012 30.77 30.32 0.00 33.16 26.13 23.16 0 
28/05/2012 30.58 29.81 0.00 33.10 25.48 22.13 0 
29/05/2012 30.26 29.23 0.00 33.03 24.84 20.90 0 
30/05/2012 29.61 28.58 0.00 32.90 24.19 20.19 0 
31/05/2012 28.97 28.06 0.00 32.58 23.61 19.16 0 
01/06/2012 28.06 27.03 0.00 32.19 22.71 18.71 0 
02/06/2012 27.29 26.77 0.00 31.94 22.39 18.19 0.5 
03/06/2012 28.13 27.23 0.00 31.35 23.74 29.03 0 
04/06/2012 28.26 27.23 0.00 32.13 24.39 28.65 0.58 
05/06/2012 27.74 26.90 0.00 32.13 23.87 25.68 2.55 
06/06/2012 27.48 27.42 0.00 31.94 23.42 25.87 15.35 
07/06/2012 30.71 29.03 0.00 33.81 27.03 30.06 5.22 
08/06/2012 30.32 29.81 0.00 32.97 26.65 29.68 1.73 
09/06/2012 30.06 29.23 0.00 32.45 25.94 27.48 1.53 
10/06/2012 30.00 28.32 0.00 32.32 25.35 26.71 5.29 
11/06/2012 33.35 30.26 0.00 48.32 28.00 30.45 3.27 
12/06/2012 31.29 30.26 27.61 35.29 27.81 30.13 0 
13/06/2012 30.06 29.35 27.55 32.71 26.39 28.26 0.35 
14/06/2012 30.19 29.23 41.48 32.65 26.13 27.23 21.29 
15/06/2012 31.94 30.84 33.10 38.13 28.06 30.52 0.14 
16/06/2012 30.39 30.06 40.58 32.58 26.71 27.81 0 
17/06/2012 30.19 28.90 37.42 32.00 25.81 26.97 0.62 
18/06/2012 30.26 28.77 42.32 32.32 25.48 26.77 5.61 
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19/06/2012 30.26 28.90 27.23 32.45 25.42 26.45 0.08 
20/06/2012 30.19 28.84 40.26 32.65 25.35 25.42 0.66 
21/06/2012 31.29 30.77 33.23 34.13 27.29 30.39 1.35 
22/06/2012 31.10 30.00 31.10 33.42 26.84 29.87 0 
23/06/2012 30.58 29.29 42.19 32.65 26.13 29.87 0 
24/06/2012 32.13 30.90 37.29 36.65 28.00 30.39 6.52 
25/06/2012 31.03 30.00 28.77 33.23 26.97 28.71 28.4 
26/06/2012 31.35 29.68 28.06 33.42 26.71 27.87 2.91 
27/06/2012 31.42 29.68 37.61 33.55 26.19 27.48 6.47 
28/06/2012 31.55 29.74 39.42 33.81 26.13 27.16 0.02 
29/06/2012 31.23 29.61 35.16 33.74 25.87 25.55 0 
30/06/2012 30.52 28.77 21.87 33.42 25.03 24.13 0.51 
01/07/2012 30.13 28.26 20.77 33.42 24.58 22.71 0.05 
02/07/2012 29.55 27.55 20.58 33.23 23.94 22.13 0.25 
03/07/2012 29.35 27.61 33.10 33.03 23.74 22.26 0.13 
04/07/2012 29.68 28.13 39.48 33.23 23.94 24.77 0.53 
05/07/2012 29.87 28.65 43.10 33.42 24.00 24.97 0.18 
06/07/2012 31.61 30.97 45.61 34.58 26.84 31.03 0.1 
07/07/2012 40.00 32.06 49.23 49.10 28.90 32.06 0.1 
08/07/2012 32.97 32.52 47.94 36.06 28.32 31.81 0.13 
09/07/2012 32.84 31.81 43.16 36.06 28.19 30.26 0.1 
10/07/2012 32.39 31.10 37.10 35.55 27.48 28.65 0.1 
11/07/2012 32.65 31.10 40.00 35.55 27.10 31.10 0.08 
12/07/2012 34.00 32.26 45.48 39.55 29.29 31.74 0.08 
13/07/2012 34.97 32.13 46.19 39.48 29.29 31.68 0.1 
14/07/2012 32.58 31.35 44.58 35.48 27.68 29.23 0.08 
15/07/2012 32.45 30.65 42.45 35.42 27.29 28.58 0.08 
16/07/2012 32.00 29.87 43.10 35.16 26.65 27.42 0.03 
17/07/2012 31.68 29.68 34.71 34.90 26.13 27.87 0.05 
18/07/2012 31.68 29.68 44.71 34.84 26.00 27.81 0.03 
19/07/2012 31.68 29.55 42.58 34.84 25.74 27.23 0.05 
20/07/2012 31.35 29.23 0.00 34.90 25.48 27.16 0.03 
21/07/2012 31.29 29.42 0.00 34.90 25.48 27.55 0.03 
22/07/2012 31.29 29.61 42.13 34.90 25.42 26.90 0.03 
23/07/2012 31.29 29.55 39.16 34.71 24.97 25.94 0.03 
24/07/2012 30.90 29.55 34.84 34.58 24.45 25.10 0 
25/07/2012 31.94 29.42 32.26 37.16 24.00 24.00 0 
26/07/2012 32.06 28.71 33.55 36.26 23.35 23.29 0 
27/07/2012 31.94 28.39 20.39 36.06 22.52 22.13 0 
28/07/2012 30.97 27.68 19.16 35.87 21.61 21.16 0 
29/07/2012 29.74 26.84 18.13 35.29 20.65 20.52 0 
30/07/2012 28.52 26.13 17.42 34.13 19.94 19.74 0 
31/07/2012 27.68 25.61 17.68 32.39 19.42 19.61 0.03 
01/08/2012 27.42 25.55 17.87 31.61 19.29 19.74 0 
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02/08/2012 29.81 27.48 32.13 32.26 19.10 22.52 0 
03/08/2012 29.68 27.35 30.32 31.23 17.94 22.52 0.33 
04/08/2012 28.45 27.74 32.65 30.00 18.00 24.45 0.74 
05/08/2012 31.42 30.00 33.74 29.29 17.87 29.81 0.43 
06/08/2012 31.94 31.10 34.39 28.77 17.48 30.90 0.38 
07/08/2012 31.61 31.03 31.35 28.26 17.29 29.23 0.03 
08/08/2012 30.71 30.19 30.06 27.68 17.48 27.55 0 
09/08/2012 30.19 29.87 28.58 27.42 17.68 26.71 0 
10/08/2012 29.61 29.61 27.03 26.97 18.00 25.94 0 
11/08/2012 29.29 29.23 25.48 26.52 18.19 24.84 0 
12/08/2012 28.90 28.90 23.74 26.13 18.06 23.61 0 
13/08/2012 28.32 28.32 22.77 25.61 18.06 22.58 0 
14/08/2012 27.68 27.68 24.90 25.16 18.26 22.65 0.43 
15/08/2012 29.16 29.23 33.68 24.77 18.26 28.13 0.89 
16/08/2012 27.81 28.77 29.61 24.65 17.81 26.52 0 
17/08/2012 26.77 28.19 28.19 24.06 17.87 24.58 0 
18/08/2012 26.45 27.81 26.52 23.55 18.06 22.90 0 
19/08/2012 25.29 27.10 24.65 23.03 18.06 21.61 0 
20/08/2012 24.71 26.65 23.10 22.58 18.00 20.58 0 
21/08/2012 24.06 26.00 21.68 22.06 17.81 19.61 0 
22/08/2012 23.35 25.29 20.71 21.42 17.55 19.10 0.03 
23/08/2012 22.71 24.71 19.87 20.77 17.23 18.71 0 
24/08/2012 22.26 24.52 19.23 20.26 17.16 18.39 0.05 
25/08/2012 21.81 24.13 18.90 19.87 16.97 18.45 0.18 
26/08/2012 21.55 23.87 18.39 19.55 16.84 18.06 0.03 
27/08/2012 21.10 23.35 17.87 19.16 16.65 17.74 0.15 
28/08/2012 20.77 22.97 18.06 18.97 16.39 17.94 0.03 
29/08/2012 20.39 22.65 27.03 18.97 16.39 18.06 1.02 
30/08/2012 20.19 22.26 28.26 18.90 16.06 17.68 0.15 
31/08/2012 20.00 22.06 26.19 18.65 16.00 17.61 0 
01/09/2012 19.68 22.00 24.65 18.39 16.06 17.94 0 
02/09/2012 19.55 22.13 22.90 18.39 16.06 17.74 0 
03/09/2012 19.48 21.81 21.74 18.39 16.13 17.81 0 
04/09/2012 19.42 21.74 20.39 18.45 16.06 17.61 0 
05/09/2012 19.16 21.68 19.16 18.45 16.06 17.23 0 
06/09/2012 18.90 21.29 17.81 18.26 15.87 16.97 0 
07/09/2012 18.52 20.90 17.23 18.00 15.68 16.97 0 
08/09/2012 18.19 20.71 16.97 17.81 15.61 16.84 0 
09/09/2012 17.94 20.52 16.71 17.68 15.55 16.65 0 
10/09/2012 17.61 20.26 16.65 17.42 15.48 16.58 0 
11/09/2012 17.48 20.19 16.32 17.35 15.42 16.32 0.03 
12/09/2012 17.16 19.68 16.06 17.16 15.16 16.00 0.23 
13/09/2012 16.84 19.42 15.94 17.03 15.03 15.87 0 
14/09/2012 16.65 19.23 16.00 16.90 14.84 15.87 0 
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15/09/2012 16.52 19.16 15.87 16.84 14.84 15.87 0 
16/09/2012 16.32 19.10 15.87 16.71 14.77 15.81 0 
17/09/2012 16.26 19.03 15.74 16.65 14.71 15.74 0 
18/09/2012 16.13 18.84 15.29 16.58 14.65 15.48 0 
19/09/2012 15.87 18.52 15.03 16.45 14.45 15.29 0 
20/09/2012 15.61 18.19 15.03 16.26 14.26 15.35 0 
21/09/2012 15.55 18.32 15.03 16.19 14.26 15.29 0.08 
22/09/2012 15.55 18.26 14.77 16.19 14.26 15.16 0.03 
23/09/2012 15.55 18.32 29.74 16.13 14.13 16.39 1.63 
24/09/2012 15.61 18.97 32.84 16.58 13.94 18.13 0.99 
25/09/2012 15.61 18.39 28.77 16.32 13.10 17.61 0.25 
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  Gravimetric water content   
  Dry density (1550 Kg/m3)   
  Mass of water (%)   
  Panel 3   
  Toe Middle   
Date Toe low sensor 
Middle low 
sensor  Rainfall 
21/11/2011 14.77 9.35 0 
22/11/2011 14.71 9.29 0.5 
23/11/2011 14.13 9.23 2.28 
24/11/2011 14.26 8.97 0.25 
25/11/2011 14.32 9.03 0 
26/11/2011 14.26 8.97 0.76 
27/11/2011 14.52 9.03 0 
28/11/2011 14.26 8.97 0.76 
29/11/2011 17.23 9.03 0.75 
30/11/2011 17.16 8.97 0 
01/12/2011 17.74 9.16 0 
02/12/2011 17.61 9.16 0 
03/12/2011 20.32 9.10 0.76 
04/12/2011 19.29 9.16 1.51 
05/12/2011 18.77 9.16 0.25 
06/12/2011 18.26 8.97 0.25 
07/12/2011 19.48 9.10 1.52 
08/12/2011 24.13 13.29 1.02 
09/12/2011 21.55 13.55 8.38 
10/12/2011 19.94 13.55 0 
11/12/2011 25.35 17.35 0 
12/12/2011 25.42 21.23 6.34 
13/12/2011 25.48 21.81 14.23 
14/12/2011 22.13 20.19 8.36 
15/12/2011 24.13 21.42 0.5 
16/12/2011 24.77 22.65 5.57 
17/12/2011 21.81 20.65 8.85 
18/12/2011 21.48 20.32 0.5 
19/12/2011 23.74 21.61 0 
20/12/2011 23.74 20.97 5.07 
21/12/2011 24.06 21.81 1.76 
22/12/2011 23.55 22.06 1 
23/12/2011 26.39 24.19 0 
24/12/2011 23.74 22.65 10.64 
25/12/2011 22.77 21.55 0 
26/12/2011 22.90 21.68 0 
27/12/2011 22.45 21.68 0 
28/12/2011 21.61 21.61 0 
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29/12/2011 21.03 21.35 0 
30/12/2011 23.81 21.23 0.75 
31/12/2011 23.81 21.74 4.29 
01/01/2012 23.61 21.81 0 
02/01/2012 22.65 21.74 0.5 
03/01/2012 32.77 30.84 0 
04/01/2012 27.61 24.00 15.22 
05/01/2012 29.48 25.61 1.51 
06/01/2012 24.52 22.97 3.56 
07/01/2012 24.06 22.45 0 
08/01/2012 23.48 22.39 0 
09/01/2012 23.42 22.39 0 
10/01/2012 23.23 22.39 0 
11/01/2012 22.97 22.26 0 
12/01/2012 22.90 22.39 0 
13/01/2012 21.94 22.06 0 
14/01/2012 21.03 21.61 0.25 
15/01/2012 20.58 21.16 0 
16/01/2012 20.19 20.90 0.25 
17/01/2012 19.42 20.77 0 
18/01/2012 22.26 21.03 0.25 
19/01/2012 26.65 23.81 0.75 
20/01/2012 24.06 22.65 6.59 
21/01/2012 24.71 22.65 0.5 
22/01/2012 22.19 22.45 0.25 
23/01/2012 21.23 22.26 0 
24/01/2012 27.16 25.42 0 
25/01/2012 24.84 23.03 5.85 
26/01/2012 30.90 27.23 0 
27/01/2012 25.29 24.00 5.82 
28/01/2012 23.74 23.03 0.25 
29/01/2012 23.03 22.77 0 
30/01/2012 22.52 22.52 0 
31/01/2012 21.94 22.26 0 
01/02/2012 21.10 22.06 0 
02/02/2012 20.26 21.74 0 
03/02/2012 16.26 21.48 0 
04/02/2012 8.84 21.35 0 
05/02/2012 9.23 21.23 0 
06/02/2012 13.35 21.16 8.88 
07/02/2012 18.65 21.16 3.27 
08/02/2012 18.84 21.16 0 
09/02/2012 18.84 21.16 0.25 
10/02/2012 19.35 21.16 0 
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11/02/2012 19.29 21.10 0.5 
12/02/2012 20.32 21.94 0.5 
13/02/2012 24.45 24.06 0.25 
14/02/2012 23.03 23.55 1.01 
15/02/2012 22.32 22.71 0 
16/02/2012 21.29 22.71 0 
17/02/2012 21.03 22.77 0 
18/02/2012 23.94 23.42 0 
19/02/2012 22.00 23.29 4.32 
20/02/2012 20.26 22.52 0 
21/02/2012 20.26 22.45 0.25 
22/02/2012 21.10 22.58 0 
23/02/2012 21.55 23.03 1.27 
24/02/2012 21.03 23.16 0 
25/02/2012 20.39 23.16 0 
26/02/2012 20.00 23.03 0 
27/02/2012 19.81 22.90 0 
28/02/2012 20.00 23.10 1 
29/02/2012 20.13 23.16 0 
01/03/2012 20.26 23.16 0.25 
02/03/2012 19.87 23.10 0 
03/03/2012 19.94 23.03 0.25 
04/03/2012 24.84 25.48 0.25 
05/03/2012 22.13 24.19 18.54 
06/03/2012 20.84 23.48 0 
07/03/2012 21.48 23.29 0 
08/03/2012 20.77 23.23 2.28 
09/03/2012 20.65 23.23 0 
10/03/2012 21.23 23.61 0 
11/03/2012 21.61 23.81 0 
12/03/2012 20.90 23.81 0 
13/03/2012 20.39 23.74 0.25 
14/03/2012 20.58 23.74 0 
15/03/2012 20.77 23.74 0 
16/03/2012 20.00 23.74 0.25 
17/03/2012 20.13 23.61 0 
18/03/2012 19.61 23.61 1.01 
19/03/2012 20.00 23.42 0.5 
20/03/2012 20.39 23.55 0.25 
21/03/2012 20.58 23.74 0 
22/03/2012 20.39 23.74 0 
23/03/2012 20.97 24.06 0 
24/03/2012 21.03 24.19 0.25 
25/03/2012 20.58 24.19 0 
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26/03/2012 20.65 24.19 0 
27/03/2012 20.58 24.26 0 
28/03/2012 20.58 24.39 0 
29/03/2012 19.94 24.45 0 
30/03/2012 19.03 24.45 0 
31/03/2012 18.26 24.26 0 
01/04/2012 18.45 24.00 0 
02/04/2012 18.06 24.00 0 
03/04/2012 17.81 24.06 0 
04/04/2012 18.00 24.06 6.83 
05/04/2012 17.68 23.87 2 
06/04/2012 17.68 23.61 0.5 
07/04/2012 17.74 23.55 0 
08/04/2012 18.00 23.68 0.5 
09/04/2012 25.42 26.39 1 
10/04/2012 24.90 26.32 12.39 
11/04/2012 22.97 25.03 1.27 
12/04/2012 22.39 24.84 0 
13/04/2012 22.13 24.97 0.5 
14/04/2012 21.48 24.97 0 
15/04/2012 20.58 24.84 0 
16/04/2012 20.77 24.58 0 
17/04/2012 20.39 24.58 0 
18/04/2012 26.97 27.23 4.56 
19/04/2012 25.42 27.23 10.11 
20/04/2012 25.16 26.84 5.81 
21/04/2012 23.74 26.32 1.76 
22/04/2012 26.00 26.32 1.78 
23/04/2012 25.16 27.16 3.04 
24/04/2012 24.84 27.35 4.78 
25/04/2012 26.06 28.00 0.75 
26/04/2012 25.42 27.61 11.41 
27/04/2012 27.55 29.42 11.41 
28/04/2012 28.13 30.52 2.53 
29/04/2012 30.90 45.16 2.53 
30/04/2012 27.94 30.39 10.89 
01/05/2012 30.52 33.03 8.61 
02/05/2012 28.71 30.19 27.96 
03/05/2012 30.84 46.32 1.51 
04/05/2012 27.68 30.32 9.13 
05/05/2012 27.35 29.68 3.3 
06/05/2012 26.06 29.29 18.03 
07/05/2012 27.29 29.03 1.26 
08/05/2012 29.61 33.48 0.25 
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09/05/2012 30.00 32.52 0 
10/05/2012 30.13 33.16 3.3 
11/05/2012 28.26 31.03 7.62 
12/05/2012 26.65 30.26 7.84 
13/05/2012 26.45 29.87 5.3 
14/05/2012 28.97 31.74 0 
15/05/2012 28.00 31.74 0 
16/05/2012 27.03 29.87 0 
17/05/2012 26.26 29.74 10.39 
18/05/2012 27.48 29.81 4.26 
19/05/2012 27.68 30.00 0 
20/05/2012 25.81 30.00 0 
21/05/2012 26.00 29.74 2.78 
22/05/2012 27.61 30.58 1.25 
23/05/2012 27.94 31.35 0 
24/05/2012 26.65 31.68 0 
25/05/2012 24.32 31.74 0 
26/05/2012 22.52 31.55 0 
27/05/2012 20.97 31.55 0 
28/05/2012 19.74 31.55 0 
29/05/2012 18.26 31.48 0 
30/05/2012 17.94 31.03 0 
31/05/2012 16.45 30.71 0 
01/06/2012 16.26 29.87 0 
02/06/2012 15.42 29.16 0.5 
03/06/2012 26.97 28.13 0 
04/06/2012 26.26 29.35 0.58 
05/06/2012 24.32 29.42 2.55 
06/06/2012 26.71 30.06 15.35 
07/06/2012 29.61 41.68 5.22 
08/06/2012 28.06 31.55 1.73 
09/06/2012 26.13 30.39 1.53 
10/06/2012 25.68 30.32 5.29 
11/06/2012 29.61 47.35 3.27 
12/06/2012 28.65 42.52 0 
13/06/2012 26.58 30.13 0.35 
14/06/2012 25.87 30.19 21.29 
15/06/2012 30.58 45.10 0.14 
16/06/2012 27.03 31.03 0 
17/06/2012 26.77 30.71 0.62 
18/06/2012 27.94 31.03 5.61 
19/06/2012 27.55 31.29 0.08 
20/06/2012 26.00 31.35 0.66 
21/06/2012 29.48 33.35 1.35 
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22/06/2012 29.74 31.94 0 
23/06/2012 29.61 31.35 0 
24/06/2012 31.74 42.77 6.52 
25/06/2012 28.71 31.81 28.4 
26/06/2012 28.19 31.94 2.91 
27/06/2012 27.87 32.19 6.47 
28/06/2012 27.94 32.39 0.02 
29/06/2012 26.00 32.39 0 
30/06/2012 24.90 32.06 0.51 
01/07/2012 23.61 32.06 0.05 
02/07/2012 22.90 31.68 0.25 
03/07/2012 23.29 31.68 0.13 
04/07/2012 29.61 32.13 0.53 
05/07/2012 28.52 32.65 0.18 
06/07/2012 31.55 35.23 0.1 
07/07/2012 32.58 48.90 0.1 
08/07/2012 33.23 37.42 0.13 
09/07/2012 30.77 34.13 0.1 
10/07/2012 29.94 33.48 0.1 
11/07/2012 33.35 35.74 0.08 
12/07/2012 33.03 47.10 0.08 
13/07/2012 32.65 43.94 0.1 
14/07/2012 30.19 33.55 0.08 
15/07/2012 29.94 33.48 0.08 
16/07/2012 30.00 33.23 0.03 
17/07/2012 29.87 33.10 0.05 
18/07/2012 31.61 33.10 0.03 
19/07/2012 30.26 33.10 0.05 
20/07/2012 29.74 33.16 0.03 
21/07/2012 30.00 33.35 0.03 
22/07/2012 29.81 33.42 0.03 
23/07/2012 28.77 33.61 0.03 
24/07/2012 27.42 34.06 0 
25/07/2012 25.68 34.06 0 
26/07/2012 23.48 33.68 0 
27/07/2012 21.74 33.10 0 
28/07/2012 20.00 32.39 0 
29/07/2012 18.45 30.77 0 
30/07/2012 17.55 29.48 0 
31/07/2012 17.35 28.65 0.03 
01/08/2012 17.42 28.39 0 
02/08/2012 24.97 27.87 0 
03/08/2012 24.90 27.87 0.33 
04/08/2012 27.81 28.26 0.74 
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05/08/2012 30.52 29.74 0.43 
06/08/2012 31.10 30.39 0.38 
07/08/2012 29.35 30.65 0.03 
08/08/2012 27.81 31.03 0 
09/08/2012 26.77 31.10 0 
10/08/2012 25.61 30.90 0 
11/08/2012 23.48 30.39 0 
12/08/2012 21.81 29.68 0 
13/08/2012 20.97 29.42 0 
14/08/2012 20.39 28.97 0.43 
15/08/2012 26.52 30.19 0.89 
16/08/2012 25.03 29.48 0 
17/08/2012 23.61 28.45 0 
18/08/2012 22.13 28.06 0 
19/08/2012 20.58 27.42 0 
20/08/2012 19.23 26.84 0 
21/08/2012 17.94 26.13 0 
22/08/2012 17.29 25.23 0.03 
23/08/2012 16.52 24.45 0 
24/08/2012 15.94 23.81 0.05 
25/08/2012 15.61 23.16 0.18 
26/08/2012 15.23 22.77 0.03 
27/08/2012 14.77 22.19 0.15 
28/08/2012 14.84 21.68 0.03 
29/08/2012 19.23 21.35 1.02 
30/08/2012 18.58 21.10 0.15 
31/08/2012 17.87 20.90 0 
01/09/2012 16.71 20.77 0 
02/09/2012 15.87 20.77 0 
03/09/2012 15.55 20.77 0 
04/09/2012 14.97 20.65 0 
05/09/2012 14.58 20.52 0 
06/09/2012 13.81 20.00 0 
07/09/2012 13.74 19.48 0 
08/09/2012 13.48 19.16 0 
09/09/2012 13.16 18.77 0 
10/09/2012 13.10 18.32 0 
11/09/2012 12.97 18.26 0.03 
12/09/2012 12.90 17.87 0.23 
13/09/2012 12.45 17.48 0 
14/09/2012 12.58 17.35 0 
15/09/2012 12.52 17.29 0 
16/09/2012 12.45 17.10 0 
17/09/2012 12.39 17.03 0 
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18/09/2012 12.26 16.90 0 
19/09/2012 12.06 16.65 0 
20/09/2012 12.00 16.39 0 
21/09/2012 12.00 16.32 0.08 
22/09/2012 11.74 16.32 0.03 
23/09/2012 12.90 17.68 1.63 
24/09/2012 16.97 18.19 0.99 
25/09/2012 15.23 17.03 0.25 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 281 
 
Appendices 
  Gravimetric water content   
  Dry density (1550 Kg/m3)   
  Mass of water (%)   
  Panel 4   
  Toe Middle   
Date Toe low sensor 
Toe high 
sensor 
Middle low 
sensor 
Middle high 
sensor Rainfall 
21/11/2011 8.97 12.32 11.94 7.10 0 
22/11/2011 9.03 13.81 12.06 7.03 0.5 
23/11/2011 8.84 12.84 12.06 7.03 2.28 
24/11/2011 8.71 12.97 11.87 6.84 0.25 
25/11/2011 8.71 12.84 11.94 6.84 0 
26/11/2011 8.71 12.65 11.87 6.77 0.76 
27/11/2011 8.65 12.65 12.00 6.65 0 
28/11/2011 8.58 12.19 11.87 6.65 0.76 
29/11/2011 8.65 16.45 12.00 6.65 0.75 
30/11/2011 8.65 15.29 11.94 6.65 0 
01/12/2011 8.71 15.74 11.87 6.65 0 
02/12/2011 8.65 15.16 11.87 6.65 0 
03/12/2011 8.65 20.06 11.81 6.58 0.76 
04/12/2011 8.65 18.32 11.74 6.52 1.51 
05/12/2011 8.58 17.29 11.68 6.45 0.25 
06/12/2011 8.45 17.81 11.48 6.39 0.25 
07/12/2011 8.52 19.55 11.48 6.32 1.52 
08/12/2011 14.13 23.87 14.90 6.58 1.02 
09/12/2011 14.06 20.58 16.00 6.58 8.38 
10/12/2011 13.35 18.45 16.00 6.65 0 
11/12/2011 17.42 24.00 20.45 9.03 0 
12/12/2011 22.52 25.03 22.90 18.32 6.34 
13/12/2011 22.58 25.74 23.42 19.29 14.23 
14/12/2011 21.16 22.97 21.61 18.65 8.36 
15/12/2011 21.94 24.71 22.45 18.84 0.5 
16/12/2011 22.77 24.90 23.23 20.97 5.57 
17/12/2011 20.97 22.13 21.87 18.58 8.85 
18/12/2011 20.45 21.61 21.42 18.32 0.5 
19/12/2011 21.87 24.13 23.03 19.94 0 
20/12/2011 21.10 24.97 21.94 19.16 5.07 
21/12/2011 21.87 25.03 22.65 19.35 1.76 
22/12/2011 21.61 23.94 22.39 19.35 1 
23/12/2011 24.52 26.90 24.45 21.10 0 
24/12/2011 22.58 24.19 22.84 19.16 10.64 
25/12/2011 21.74 23.35 21.94 18.71 0 
26/12/2011 21.48 23.68 22.06 18.65 0 
27/12/2011 21.48 22.97 22.06 18.58 0 
28/12/2011 21.35 22.32 21.94 18.39 0 
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29/12/2011 21.10 21.61 21.61 18.06 0 
30/12/2011 21.55 25.10 23.10 17.87 0.75 
31/12/2011 21.55 25.03 23.16 18.39 4.29 
01/01/2012 21.55 24.71 22.52 18.65 0 
02/01/2012 21.55 23.35 22.39 18.65 0.5 
03/01/2012 48.19 26.77 25.42 21.61 0 
04/01/2012 23.61 24.77 22.90 19.23 15.22 
05/01/2012 23.68 25.48 24.06 20.00 1.51 
06/01/2012 23.35 23.55 22.71 19.16 3.56 
07/01/2012 22.71 23.48 22.19 18.84 0 
08/01/2012 22.65 23.03 22.13 18.77 0 
09/01/2012 22.52 23.23 22.45 18.90 0 
10/01/2012 22.45 23.10 22.45 18.90 0 
11/01/2012 22.45 22.97 22.13 18.84 0 
12/01/2012 22.32 22.97 22.06 18.71 0 
13/01/2012 22.19 21.61 22.13 18.58 0 
14/01/2012 21.68 20.65 22.19 18.13 0.25 
15/01/2012 21.23 20.13 21.94 17.81 0 
16/01/2012 20.97 19.35 20.97 17.61 0.25 
17/01/2012 20.77 16.39 21.10 17.61 0 
18/01/2012 20.84 20.90 20.71 17.74 0.25 
19/01/2012 24.13 25.74 23.94 20.39 0.75 
20/01/2012 22.90 22.71 22.45 19.35 6.59 
21/01/2012 22.84 23.29 22.32 19.03 0.5 
22/01/2012 22.84 21.10 22.26 18.97 0.25 
23/01/2012 22.52 20.45 22.58 18.77 0 
24/01/2012 23.87 24.13 24.13 19.55 0 
25/01/2012 23.29 23.68 23.42 19.55 5.85 
26/01/2012 24.65 25.42 24.39 20.45 0 
27/01/2012 23.55 23.29 23.68 19.68 5.82 
28/01/2012 23.03 21.94 23.03 19.35 0.25 
29/01/2012 22.84 21.42 22.65 19.10 0 
30/01/2012 22.58 20.90 23.03 18.97 0 
31/01/2012 22.32 20.39 22.19 18.71 0 
01/02/2012 22.06 19.68 21.74 18.58 0 
02/02/2012 21.61 18.84 21.61 18.26 0 
03/02/2012 21.35 12.65 21.55 18.06 0 
04/02/2012 21.16 8.19 21.16 17.87 0 
05/02/2012 21.03 8.52 21.42 17.74 0 
06/02/2012 20.90 10.06 21.29 17.68 8.88 
07/02/2012 20.97 17.68 21.16 17.81 3.27 
08/02/2012 20.90 17.55 21.55 17.81 0 
09/02/2012 20.90 17.10 21.87 17.81 0.25 
10/02/2012 20.90 18.00 21.61 17.87 0 
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11/02/2012 20.97 18.00 21.74 17.94 0.5 
12/02/2012 20.97 13.61 22.84 18.97 0.5 
13/02/2012 24.84 22.71 24.71 21.42 0.25 
14/02/2012 23.81 22.65 23.55 20.06 1.01 
15/02/2012 22.90 22.32 22.26 19.10 0 
16/02/2012 23.03 21.61 22.13 19.10 0 
17/02/2012 23.10 21.61 22.39 19.16 0 
18/02/2012 23.42 24.65 22.97 19.16 0 
19/02/2012 23.23 22.00 22.90 19.03 4.32 
20/02/2012 22.84 20.65 22.13 18.77 0 
21/02/2012 22.65 20.77 21.87 18.71 0.25 
22/02/2012 22.71 21.68 22.06 18.84 0 
23/02/2012 23.10 22.39 22.39 19.16 1.27 
24/02/2012 23.29 21.87 22.52 19.29 0 
25/02/2012 23.29 21.16 22.45 19.23 0 
26/02/2012 23.16 20.58 22.52 19.10 0 
27/02/2012 22.97 20.45 22.32 18.97 0 
28/02/2012 23.16 20.71 22.26 19.10 1 
29/02/2012 23.29 20.84 22.32 19.16 0 
01/03/2012 23.35 21.03 22.32 19.16 0.25 
02/03/2012 23.29 20.52 22.26 19.10 0 
03/03/2012 23.16 20.58 22.13 19.03 0.25 
04/03/2012 27.23 26.97 24.90 22.00 0.25 
05/03/2012 24.71 22.90 23.48 20.39 18.54 
06/03/2012 24.06 25.61 22.77 19.68 0 
07/03/2012 24.00 26.58 22.77 19.42 0 
08/03/2012 24.00 26.00 22.58 19.42 2.28 
09/03/2012 23.81 25.81 22.52 19.42 0 
10/03/2012 24.00 26.84 22.77 19.68 0 
11/03/2012 24.06 27.29 22.84 19.74 0 
12/03/2012 24.13 26.39 22.77 19.74 0 
13/03/2012 24.00 25.61 22.71 19.68 0.25 
14/03/2012 24.00 26.00 22.71 19.68 0 
15/03/2012 24.26 26.19 22.65 19.68 0 
16/03/2012 23.87 24.97 22.58 19.55 0.25 
17/03/2012 23.81 25.23 22.52 19.42 0 
18/03/2012 24.06 24.45 22.52 19.42 1.01 
19/03/2012 23.68 25.16 22.26 19.35 0.5 
20/03/2012 23.74 25.68 22.32 19.48 0.25 
21/03/2012 23.87 25.87 22.52 19.68 0 
22/03/2012 24.06 25.29 22.52 19.68 0 
23/03/2012 24.06 26.19 22.71 19.94 0 
24/03/2012 24.39 26.39 22.77 20.00 0.25 
25/03/2012 24.52 25.68 22.77 20.00 0 
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26/03/2012 24.45 26.00 22.71 19.94 0 
27/03/2012 24.52 26.06 22.71 20.00 0 
28/03/2012 24.65 26.32 22.84 20.19 0 
29/03/2012 24.65 25.81 22.90 20.19 0 
30/03/2012 24.58 24.58 22.90 20.19 0 
31/03/2012 24.32 23.29 22.77 20.06 0 
01/04/2012 24.06 24.13 22.52 19.81 0 
02/04/2012 24.00 23.68 22.52 19.87 0 
03/04/2012 24.06 23.35 22.52 19.87 0 
04/04/2012 24.06 23.23 22.52 19.81 6.83 
05/04/2012 23.94 22.71 22.39 19.68 2 
06/04/2012 23.68 23.03 22.06 19.42 0.5 
07/04/2012 23.55 23.03 22.06 19.42 0 
08/04/2012 23.81 23.81 22.26 19.61 0.5 
09/04/2012 26.52 30.71 25.23 22.06 1 
10/04/2012 26.39 30.00 25.03 22.19 12.39 
11/04/2012 25.23 27.94 23.87 21.10 1.27 
12/04/2012 24.71 27.48 23.55 20.77 0 
13/04/2012 24.90 27.48 23.23 20.90 0.5 
14/04/2012 25.03 26.52 23.10 20.90 0 
15/04/2012 24.84 25.29 22.90 20.71 0 
16/04/2012 24.45 25.87 22.58 20.52 0 
17/04/2012 24.26 26.39 22.52 20.45 0 
18/04/2012 26.71 31.10 26.39 23.61 4.56 
19/04/2012 26.77 30.13 25.42 23.03 10.11 
20/04/2012 25.94 29.42 24.84 22.13 5.81 
21/04/2012 25.55 28.06 24.26 21.74 1.76 
22/04/2012 25.29 30.26 24.13 21.42 1.78 
23/04/2012 25.23 29.35 24.71 21.48 3.04 
24/04/2012 26.19 29.16 25.48 22.71 4.78 
25/04/2012 27.16 30.58 26.26 23.68 0.75 
26/04/2012 26.65 29.94 25.81 23.10 11.41 
27/04/2012 28.00 31.48 26.52 24.71 11.41 
28/04/2012 27.61 29.61 26.71 25.03 2.53 
29/04/2012 48.45 29.68 26.71 25.03 2.53 
30/04/2012 27.10 29.35 25.23 23.29 10.89 
01/05/2012 29.48 30.84 26.65 24.84 8.61 
02/05/2012 27.16 29.68 25.55 23.74 27.96 
03/05/2012 48.45 30.45 27.16 46.65 1.51 
04/05/2012 26.97 29.10 25.23 24.97 9.13 
05/05/2012 26.77 28.65 25.16 24.19 3.3 
06/05/2012 26.45 27.61 24.45 23.68 18.03 
07/05/2012 26.06 29.48 24.19 23.48 1.26 
08/05/2012 29.48 31.03 27.16 27.48 0.25 
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09/05/2012 28.97 32.06 27.29 26.97 0 
10/05/2012 35.29 32.58 27.68 28.39 3.3 
11/05/2012 27.74 30.26 26.26 25.23 7.62 
12/05/2012 27.23 29.16 25.42 24.19 7.84 
13/05/2012 27.16 29.03 25.03 23.87 5.3 
14/05/2012 28.52 31.94 26.58 25.87 0 
15/05/2012 28.90 30.39 27.55 26.39 0 
16/05/2012 26.90 29.74 25.68 24.71 0 
17/05/2012 26.65 29.48 25.42 24.13 10.39 
18/05/2012 27.35 32.39 25.81 24.19 4.26 
19/05/2012 27.35 31.55 26.52 24.26 0 
20/05/2012 26.90 29.42 25.55 24.19 0 
21/05/2012 26.45 29.81 24.77 23.74 2.78 
22/05/2012 26.71 31.87 25.10 24.00 1.25 
23/05/2012 27.35 32.58 25.61 24.65 0 
24/05/2012 27.87 32.39 25.74 24.84 0 
25/05/2012 27.94 31.68 25.74 24.77 0 
26/05/2012 27.94 30.97 25.74 24.58 0 
27/05/2012 28.06 30.26 25.68 24.06 0 
28/05/2012 27.94 28.97 25.68 23.48 0 
29/05/2012 27.61 27.48 25.55 22.52 0 
30/05/2012 27.29 26.84 25.35 21.55 0 
31/05/2012 26.52 24.84 25.16 20.32 0 
01/06/2012 25.68 24.84 24.65 19.29 0 
02/06/2012 25.10 23.74 24.52 18.32 0.5 
03/06/2012 24.39 31.29 27.94 21.87 0 
04/06/2012 25.55 31.35 27.16 22.77 0.58 
05/06/2012 25.94 28.71 25.35 21.87 2.55 
06/06/2012 26.19 31.81 25.10 21.61 15.35 
07/06/2012 51.48 34.00 28.39 26.65 5.22 
08/06/2012 30.71 32.26 26.90 25.16 1.73 
09/06/2012 27.94 29.68 25.94 24.32 1.53 
10/06/2012 27.16 30.00 25.10 23.16 5.29 
11/06/2012 51.48 32.84 28.77 40.32 3.27 
12/06/2012 48.00 31.81 27.74 32.71 0 
13/06/2012 27.29 30.45 25.87 24.71 0.35 
14/06/2012 27.10 31.35 25.68 24.19 21.29 
15/06/2012 48.84 33.35 28.84 40.45 0.14 
16/06/2012 27.94 29.68 26.58 25.68 0 
17/06/2012 27.03 30.06 25.74 24.52 0.62 
18/06/2012 26.97 30.26 25.48 23.74 5.61 
19/06/2012 27.03 30.84 25.61 23.48 0.08 
20/06/2012 27.16 30.13 25.74 23.23 0.66 
21/06/2012 30.19 33.68 29.10 27.94 1.35 
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22/06/2012 29.42 33.16 27.16 25.68 0 
23/06/2012 28.39 33.03 26.58 24.84 0 
24/06/2012 49.68 33.10 29.61 41.23 6.52 
25/06/2012 28.39 31.81 26.71 25.29 28.4 
26/06/2012 28.19 31.10 26.77 24.77 2.91 
27/06/2012 28.06 31.03 26.71 24.71 6.47 
28/06/2012 28.19 31.29 27.03 24.45 0.02 
29/06/2012 28.45 28.97 27.03 24.32 0 
30/06/2012 27.81 28.00 26.52 23.48 0.51 
01/07/2012 27.55 26.45 26.26 22.71 0.05 
02/07/2012 27.10 25.87 25.68 22.06 0.25 
03/07/2012 26.90 26.26 25.74 22.19 0.13 
04/07/2012 27.10 32.32 26.06 22.39 0.53 
05/07/2012 27.16 31.42 26.26 22.39 0.18 
06/07/2012 29.87 34.84 29.61 23.03 0.1 
07/07/2012 50.84 36.06 48.97 40.13 0.1 
08/07/2012 31.68 36.06 30.00 27.61 0.13 
09/07/2012 30.06 33.55 28.58 26.71 0.1 
10/07/2012 29.16 32.45 27.87 25.74 0.1 
11/07/2012 31.61 36.84 30.26 25.35 0.08 
12/07/2012 50.97 35.74 31.03 31.87 0.08 
13/07/2012 50.39 34.90 31.03 37.48 0.1 
14/07/2012 29.61 32.71 28.32 26.13 0.08 
15/07/2012 29.42 32.39 27.61 25.48 0.08 
16/07/2012 28.90 32.71 27.29 24.58 0.03 
17/07/2012 28.39 32.45 26.97 24.26 0.05 
18/07/2012 28.65 34.90 27.23 24.13 0.03 
19/07/2012 28.45 33.10 27.16 23.87 0.05 
20/07/2012 28.39 34.39 26.65 23.35 0.03 
21/07/2012 28.39 33.16 26.58 23.35 0.03 
22/07/2012 28.39 32.84 26.58 23.23 0.03 
23/07/2012 28.06 31.81 26.52 22.84 0.03 
24/07/2012 27.23 30.32 26.26 21.94 0 
25/07/2012 25.81 29.03 52.77 54.52 0 
26/07/2012 24.39 27.81 28.65 28.06 0 
27/07/2012 22.90 26.39 27.55 26.32 0 
28/07/2012 21.68 25.16 26.65 24.77 0 
29/07/2012 20.32 23.94 26.06 23.16 0 
30/07/2012 19.16 23.23 25.10 22.00 0 
31/07/2012 18.71 23.48 24.26 21.16 0.03 
01/08/2012 18.77 23.94 23.94 21.29 0 
02/08/2012 21.03 34.84 25.68 21.35 0 
03/08/2012 19.42 33.23 25.35 21.23 0.33 
04/08/2012 18.77 36.06 24.77 21.03 0.74 
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05/08/2012 18.58 36.52 28.90 23.87 0.43 
06/08/2012 20.00 36.65 29.55 24.52 0.38 
07/08/2012 20.00 34.06 28.58 24.45 0.03 
08/08/2012 19.29 32.19 26.97 22.90 0 
09/08/2012 18.97 31.03 26.52 22.13 0 
10/08/2012 18.52 29.74 25.81 21.35 0 
11/08/2012 18.26 29.03 24.58 20.77 0 
12/08/2012 18.06 27.87 23.48 20.52 0 
13/08/2012 17.68 27.03 23.23 20.13 0 
14/08/2012 17.42 26.77 22.26 19.94 0.43 
15/08/2012 17.35 34.65 22.13 20.90 0.89 
16/08/2012 17.03 31.94 21.61 20.19 0 
17/08/2012 17.03 29.68 21.29 19.48 0 
18/08/2012 16.65 27.16 20.97 18.77 0 
19/08/2012 16.26 25.48 20.32 18.19 0 
20/08/2012 16.00 24.32 19.68 17.68 0 
21/08/2012 15.74 23.16 19.10 17.23 0 
22/08/2012 15.42 22.52 18.52 16.65 0.03 
23/08/2012 15.42 21.68 17.94 16.13 0 
24/08/2012 15.10 21.23 17.42 15.74 0.05 
25/08/2012 14.71 21.10 16.97 15.42 0.18 
26/08/2012 14.52 20.77 16.65 15.16 0.03 
27/08/2012 14.39 20.32 16.26 14.84 0.15 
28/08/2012 14.19 20.45 15.94 14.58 0.03 
29/08/2012 14.13 22.90 15.68 15.03 1.02 
30/08/2012 14.06 22.65 15.48 14.77 0.15 
31/08/2012 14.00 21.55 15.35 14.45 0 
01/09/2012 13.94 20.77 15.23 14.13 0 
02/09/2012 14.00 20.39 15.23 14.13 0 
03/09/2012 14.00 20.26 15.23 14.13 0 
04/09/2012 14.00 19.81 15.16 14.00 0 
05/09/2012 13.94 19.48 15.10 13.87 0 
06/09/2012 13.74 18.65 14.84 13.61 0 
07/09/2012 13.55 18.58 14.58 13.29 0 
08/09/2012 13.48 18.32 14.45 13.10 0 
09/09/2012 13.29 18.00 14.39 12.97 0 
10/09/2012 13.10 18.00 14.13 12.71 0 
11/09/2012 13.03 17.81 13.94 12.65 0.03 
12/09/2012 12.90 17.29 13.61 12.39 0.23 
13/09/2012 12.77 17.16 13.35 12.26 0 
14/09/2012 12.65 17.29 13.16 12.06 0 
15/09/2012 12.65 17.23 13.03 12.00 0 
16/09/2012 12.52 17.16 12.97 11.94 0 
17/09/2012 12.52 17.10 12.84 11.87 0 
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18/09/2012 12.45 16.84 12.77 11.74 0 
19/09/2012 12.32 16.52 12.52 11.55 0 
20/09/2012 12.13 16.52 12.32 11.35 0 
21/09/2012 12.06 16.52 12.26 11.29 0.08 
22/09/2012 12.06 16.32 12.19 11.29 0.03 
23/09/2012 13.29 22.58 13.23 13.23 1.63 
24/09/2012 14.77 28.39 13.42 14.19 0.99 
25/09/2012 14.13 25.68 12.13 13.35 0.25 
 
 
